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Abstract
In this dissertation we design and analyze nanostructures for subwavelength guiding
and enhanced light-matter interactions.
We first investigate three-dimensional plasmonic waveguide-cavity structures, built by
side-coupling stub resonators that consist of plasmonic coaxial waveguides of finite length,
to a plasmonic coaxial waveguide. These structures are capable of guiding and manipu-
lating light in deep-subwavelength volumes. We show that three-dimensional plasmonic
coaxial waveguides offer a platform for practical realization of deep-subwavelength optical
waveguides. We then introduce compact wavelength-scale slit-based structures for cou-
pling free space light into the fundamental mode of plasmonic coaxial waveguides. We
consider single-, double-, and triple-slit structures optimized at the optical communication
wavelength and find that, when the slits are at resonance, the coupling to the plasmonic
coaxial waveguide increases. We also investigate slit-based outcoupling structures for light
extraction from the waveguide into free space.
We also numerically design and experimentally test a SERS-active substrate for en-
hancing the SERS signal of a single layer of graphene in water. The graphene is placed
on top of an array of silver-covered nanoholes in a polymer and is covered with water. We
report a large enhancement in the SERS signal of the graphene on the patterned plasmonic
nanostructure for a 532 nm excitation wavelength. We find that the enhancement is due to
the increase in the confinement of electromagnetic fields on the location of graphene that
results in enhanced light absorption in graphene at the excitation wavelength. We also
find that water droplets increase the density of optical radiative states at the location of
graphene, leading to enhanced spontaneous emission rate of graphene.
Finally, we introduce a structure for near total absorption in a graphene monolayer at
visible wavelengths. The optical interaction of graphene with local fields is enhanced by
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means of critical coupling. The graphene monolayer is placed on a grating slab without
being covered with other structures, so the quality of graphene remains intact. We investi-
gate the enhanced light-graphene interactions in this structure. We use experimental data
for the dielectric permittivity of the materials used in the structure. The structure could




Nanophotonics is the study of light-matter interaction at the nanoscale. In dielectric-
based photonic structures light can be confined to wavelength-scale areas. In many ap-
plications, light-guiding and enhancement of light-matter interactions in subwavelength
regimes are sought after. This limit of dielectric-based photonic devices can be surpassed
by coupling photons to electrons at the surface of a metal and exciting the surface plas-
mons [1]. Surface plasmons are bound subwavelength resonances formed at metal-dielectric
interfaces. Waveguides that are designed to exploit these highly confined surface plasmons,
also known as plasmonic waveguides, have become essential components for the purpose
of light-guiding through deep-subwavelength mode areas. In addition, plasmonic nanos-
tructures are used to enhance light-matter interactions in areas much smaller than the
wavelength of light, enabling higher light absorption in absorbing materials and enhanced
density of optical states for nano-emitters [2–4].
1.1 Subwavelength Light Guiding
Light-guiding structures which allow subwavelength confinement of optical modes are
important for achieving compact integrated photonic devices [1, 5–15]. Thus, routing of
light in arbitrary directions inside a submicron-scale volume is one of the most basic func-
tions sought after in nanophotonics [16–18]. The minimum confinement of a guided optical
mode in dielectric waveguides is set by the diffraction limit and is on the order of λ0/n,
where λ0 is the wavelength of interest in free space and n is the refractive index. As op-
posed to dielectric waveguides, plasmonic waveguides have shown the potential to guide
subwavelength optical modes, the so-called surface plasmon polaritons, at metal-dielectric
interfaces, despite ohmic loss inherent in metals. Plasmonic waveguides are therefore con-
sidered important components of nanophotonics [19–24]. They could be potentially impor-
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tant in providing an interface between conventional optics and subwavelength electronic
and optoelectronic devices.
Surface plasmon polaritons are bound non-radiative surface modes which propagate
at metal-dielectric interfaces with field components decaying exponentially with distance
away from the interface [19]. The decay length of the fields can be much smaller than
the wavelength near the surface plasmon resonance frequency. Several different plasmonic
waveguiding structures have been proposed [1, 5, 6, 8, 10, 25, 26], such as metallic nanowires
[6, 8], metallic nanoparticle arrays [1, 10], and V-shaped grooves [25, 26]. However, such
geometries are fundamentally limited by the fact that they support a highly-confined mode
only near the surface plasmon resonance frequency. In this regime, the optical mode typi-
cally has low group velocity and short propagation length.
Figure 1.1: Schematic of a MDM plasmonic waveguide.
At microwave frequencies, where metals do not have a plasmonic response, two-conductor
waveguides are used to guide subwavelength modes. Such waveguiding structures always
support a fundamental transverse electromagnetic (TEM) or quasi-TEM mode which can
have deep subwavelength size and broad guiding bandwidth [27]. In addition, it has been
shown that the guiding wavelength range of subwavelength modes by such structures ex-
tends into the infrared and visible wavelengths [28]. In the optical wavelength range,
however, metals have a plasmonic response [29]. The properties of the optical modes sup-
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ported by plasmonic two-conductor waveguides are therefore quite different from those of
their counterparts at microwave frequencies, where metals behave almost as perfect electric
conductors [27]. Several different plasmonic two-conductor waveguide structures have been
proposed to guide light such as two-dimensional (2D) metal-dielectric-metal (MDM) and
three-dimensional (3D) slot waveguides (Figs. 1.1 and 1.2) [11–14, 30–34].
Figure 1.2: Geometry of a 3D plasmonic slot waveguide. The arrow shows the direction of
propagation of the optical mode [14].
However, MDM waveguides with a 2D structure are not suitable for practical real-
ization. Also, while 3D slot waveguides are relatively simple to be fabricated and exper-
imentally investigated, sharp bends and splitters built based on slot waveguides exhibit
significant losses in the form of coupling of the fundamental mode energy to the surface
waves at the sharp corners [14]. Recently, plasmonic coaxial waveguides were introduced,
that combine advantages of the previous plasmonic two-conductor waveguides into a single
structure [Fig. 1.3(a)] [35]. For example, sharp bends and splitters can be designed in
plasmonic coaxial waveguides at deep-subwavelength scale to operate without reflection
and radiation over a broad wavelength range [Figs. 1.3(b) and 1.3(c)].
Because of the predicted attractive properties of plasmonic two-conductor waveguides,
people have also started to explore such structures experimentally [36–41].
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Figure 1.3: (a) The cross section of the reference plasmonic coaxial waveguide. Silver is
used as the metal. (b and c) Structures of a sharp 90◦ bend and T-splitter in plasmonic
coaxial waveguides. The arrows show the direction of propagation of the quasi-TEM optical
mode [35].
For example, 2D MDM plasmonic waveguides can be fabricated using different methods.
Most of these methods follow the same four-step process with some differences in the details.
The first step is to deposit the first metallic layer on top of a substrate. Gold and silver are
commonly used in plasmonic devices as the metal because of their low loss and their ability
to support surface plasmons in the range of near-infrared and visible wavelengths. Si and
SiO2 are the most popular substrates [38, 42, 43]. Sputtering, thermal evaporation, and
electron beam evaporation are the most widely used metal deposition methods [42–46].
Second step is depositing the insulator layer on top of the metal. Different dielectrics
have been used as the insulator layer, such as SiO2 [38], HSQ [45], Si3N4 [36, 39, 44], and
5
Figure 1.4: (a) Schematic of a MDM plasmonic waveguide. Also shown are the excitation
tip and output slit. (b) Scanning electron microscope (SEM) image of the fabricated MDM
waveguide [39].
Al2O3 [42]. High refractive index of the dielectric causes higher loss in the plasmonic MDM
waveguide. Also, proper match between the dielectric and the input/output light coupling
mechanisms should be considered. The most common methods for depositing the dielectric
layer are spin coating [45], molecular beam epitaxy (MBE) [46], atomic layer deposition
[42], and plasma enhanced chemical vapor deposition (PECVD) [44]. The thickness of the
dielectric layer can be controlled by ellipsometry techniques [38, 42].
The third step is the deposition of the second metallic layer on top of the insulator. It
is common to use the same material for the metallic layers in plasmonic waveguiding struc-
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tures. However, in some applications plasmonic MDM structures with different materials
for the metallic layers have been used [44]. The metallic layers have thickness of several
hundred nanometers to prevent energy leakage to the surrounding area (Fig. 1.4).
Figure 1.5: (a, b) SEM image of subwavelength gratings with different depths used to
couple free space light to the fundamental mode of the MDM waveguide. The inset shows
the fabricated MDM waveguide [42].
The final step is to define proper mechanisms for coupling light into the fundamental
optical mode of the plasmonic MDM waveguide. Specific coupling structures should be
incorporated to the waveguide in both the input and output sides to compensate the wave
number difference between the free space light and the optical mode. Subwavelength grat-
ings (Fig. 1.5) [38, 42] and slits (Fig. 1.6) [36, 40, 43, 46] are the most common methods
for exciting the mode. These patterns can be transferred to the structure by proper lithog-
raphy techniques, such as focused ion beam (FIB) [36, 40] and electron beam lithography
(EBL) [43, 46], followed by appropriate etching, such as dry argon/xenon ion etching.
To characterize the fabricated structure, the waveguide mode is excited by an external
light source, and the output light is measured by a photodetector. Continuous wave (CW)
lasers operating at near-infrared and visible wavelengths are widely used as light sources
[38, 43, 44]. The laser light is focused by a microscope objective onto the coupling area. The
light from the output grating is collected by another objective and transferred to a detector
7
Figure 1.6: Schematic of a MDM waveguide with slits as the input and output light coupling
mechanisms [36].
for optical characterization [36, 39, 43, 44]. Charge-coupled device (CCD) cameras, and
semiconductor photodetectors are commonly used as detectors (Fig. 1.7) [36, 39, 43, 44].
Figure 1.7: Schematic of a typical laboratory setup for characterizing plasmonic devices
[47].
Recent advancements in nanoscale lithography techniques have led to multiple exper-
imental demonstrations of plasmonic slot waveguides. The most important fabrication
challenge in realizing these nanoscale plasmonic waveguides is to achieve sufficient light
coupling into and out of the nanometer scale metallic slot. In general, the fabrication
process of plasmonic slot waveguides consists of two main steps: deposition of the metallic
layer on a substrate, and then patterning the metallic layer to form the slot waveguide.
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Gold is usually preferred to silver for the metal film, because it does not oxidize. Si and
SiO2 are commonly used as the substrate [41]. Recently the silicon-on-insulator (SOI) plat-
form, which is popular for electronic devices due to its reduced capacitive effect, started to
be widely used (Fig. 1.8) [48, 49].
Figure 1.8: Schematic of the fabrication process of a plasmonic slot waveguide: (a) The
blank SOI substrate. (b) The Si tapers after the first electron beam lithography (EBL)
step and etching. (c) Deposition of the Au layer for the plasmonic waveguide after the
second EBL and liftoff. (d) The plasmonic slot waveguide after the third EBL step and Ar
ion milling [49].
The metallic layer is deposited on top of the substrate by regular film deposition
techniques, such as sputtering, thermal evaporation, electron beam evaporation, and laser
molecular beam epitaxy (LBME) [41, 47, 50]. The slot waveguide is formed by appropriate
lithography and etching techniques. EBL [48, 49, 51] and FIB lithography [41, 48, 50, 52]
are the most widely used techniques to create fine nanoscale features on the metallic layer
(Fig. 1.8). These techniques can produce linewidths on the order of 10 nm or smaller.
However, these methods are slow because they pattern the sample serially, which makes
them impractical as a mass production method in manufacturing of plasmonic devices.
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Dry argon/xenon ions remove the exposed areas after lithography [49–51]. Nanoimprint
lithography (NIL) represents a low-cost and high-throughput fabrication method. In this
method a hard master mold is created by electron beam lithography. By pressing the
master mold into a soft polymer, e.g. polymethyl methacrylate (PMMA), and depositing
a metallic layer followed by a liftoff step, the pattern can be transferred to the sample to
create features as fine as a few nanometers (Fig. 1.9). This process is highly repeatable
and has therefore lower fabrication cost [52].
Figure 1.9: Schematic of the fabrication process of a plasmonic slot waveguide using the
nanoimprint lithography technique.
Several different methods to couple free space light into the fundamental optical mode
of the plasmonic slot waveguide, as well as to couple light out of the waveguide have been
demonstrated. Similar to 2D MDM waveguides, this coupling can be achieved by using
subwavelength gratings (Fig. 1.10) [41]. Endface coupling from a tapered silicon waveguide
to a plasmonic slot waveguide (Fig. 1.8) [49], and end-fire coupling with polarization main-
taining fiber under direct illumination [52] have also been used successfully. Ti-Sapphire
CW lasers and CCD cameras are widely used as excitation source and detector, respectively
[41, 49, 51, 52]. Microscope objectives focus laser light into the input grating, and the light
coming from the output grating into the detector (Fig. 1.7) [41, 51].
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Figure 1.10: SEM image of the subwavelength grating used to couple free space light to
the optical mode of the plasmonic slot waveguide [41].
Several potential applications have been proposed for subwavelength plasmonic two-
conductor waveguides.
Since these waveguides can guide light at deep subwavelength scales, they could provide
an interface between conventional optics and subwavelength electronic and optoelectronic
devices [53]. In addition, plasmonic two-conductor waveguides can carry information over
a wide range of frequencies, while simultaneously offering subwavelength confinement of
the optical energy, which makes them highly suitable for miniaturized nanocircuit devices.
Thus, subwavelength plasmonic two-conductor waveguides are a promising enabling tech-
nology to integrate photonics and electronics together at the nanoscale [52].
In order to combine surface plasmon waveguides with electronic circuits, new high-
bandwidth electro-optical transducers need to be developed. In this regard, a photodetector
integrated in a MDM structure has been recently introduced. Remote electrical detection
of surface plasmons inside the MDM waveguide using a nanoscale metal-semiconductor-
metal detector was demonstrated, showing great potential for the integration of scalable
high-bandwidth metallic waveguides into electronic circuits [43].
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Subwavelength plasmonic two-conductor waveguides are also being explored for spectral
imaging applications. For example, filtering white light into individual colors using MDM
resonators has been demonstrated [40]. These devices take advantage of the fact that MDM
resonators form a cavity which can filter out different colors based on interference between
the optical modes within the cavity. It is also possible to mix different wavelengths and
make any of the primary colors with applications in digital projectors and displays.
Finally, plasmonic coaxial waveguides could also find many potential applications such
as deep-subwavelength focusing, enhanced transmission, and negative refraction [35].
1.2 Enhanced Light-matter Interactions
In many applications involving light absorption and emission in nanoscale structures,
the efficiency of the devices is limited due to the size mismatch between the wavelengths
of photons of light and single emitters such as single atoms or molecules. This makes
the interaction between light and these nanostructures very weak. It is therefore essential
to develop light-matter interfaces enabling strong interactions. Plasmonic nanostructures,
such as metallic nanoparticles and metallic substrates, support localized and distributed
surface plasmon modes. These surface plasmon modes confine light to deep-subwavelength
volumes, creating highly intensified fields [1]. Nanoscale structures located in the high
intensity spots on the metallic substrates or adsorbed on the surfaces of nanoparticles
experience a strong overlap with the localized fields, leading to significant increase in light-
matter interactions.
1.2.1 Surface-enhanced Raman Scattering
Surface enhanced Raman spectroscopy (SERS) has been a robust tool in detection
and characterization of materials and substances for years [54–59]. In this technique, the
intensity of the Raman signal of target materials, which is often too weak to be detected,
is enhanced through utilizing metallic nanostructures and nanoparticles [60, 61]. Target
molecules, when located in the vicinity of the metallic nanostructures, experience a giant
enhancement in the electromagnetic field as well as the local density of optical states at
12
the resonance wavelength of the nanostructure [62–66].
Figure 1.11: Schematic of a hybrid graphene-metal structure for enhanced light-matter
interactions. The plasmonic resonances of the gold nanovoid array substrate exhibit a
strong field overlap with the added monolayer of graphene [67].
Numerous metallic substrates and nanostructures have been proposed to enhance light-
matter interaction and consequently enhance the SERS signal of target molecules. As an
example, a hybrid graphene-metal structure was proposed in 2013 that enhances the SERS
signal of graphene through enhancing light-matter interaction between localized plasmon
modes and graphene (Fig. 1.11) [2]. It was shown that intensified overlap between graphene
and localized fields enhances the Raman response of graphene up to 700-fold. In addition,
it was shown that the light absorption in a single graphene layer can be enhanced to ∼30%
when it covers the metallic sample as opposed to the ∼2.3% light absorption in a pristine
free-standing graphene layer. This pronounced change in absorption enables easy detection
of the graphene sheet and an accurate quantification of the number of layers.
Mousavi et al. designed a band-edge bilayer plasmonic nanosctructure for surface en-
hanced Raman spectroscopy of large biomolecules (Fig. 1.12) [68]. They presented a
new method to achieve high local field enhancement in SERS, through the simultaneous
tuning of lattice plasmons and localized surface plasmon polaritons, in a periodic bilayer
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Figure 1.12: Band-edge bilayer plasmonic nanostructure. (a) Schematic view. (b) False-
colored SEM image of a nanoantenna array (lattice constant of 540 nm and nanopillar
radius of 80 nm in the layout) with 40◦ tilt angle revealing the mushroom-shaped topology
of the nanoantennas with rims slightly extended after electron beam deposition [68].
nanoantenna array, resulting in a high enhancement factor over the sensing area with high
uniformity. They showed that in the proposed SERS substrate, both the local excitation
field and the emission field (Purcell factor) were enhanced. This resulted in enhancement
of light absorption in the molecules placed in the hot spot areas on the sample, and en-
hanced spontaneous emission rate for Raman re-radiation from the target molecules, which
combined significantly enhance the SERS signal intensity of the target molecules.
1.2.2 Near Perfect Light Absorption in 2D Materials
Achieving highly enhanced absorption rate in 2D materials such as graphene and MoS2
is essential in many applications of nanophotonics. However, due to the 2D nature of these
one-atom-thick layers of materials, obtaining strong overlap between the 2D material and
the local field is challenging. In recent years, a great amount of research has been dedicated
to optical absorption enhancement in the visible and near-infrared (NIR) wavelength range
in 2D materials, holding potential for boosting the performance of optoelectronic devices,
such as highly confined and efficient photodetectors and optical modulators.
Many enhancement mechanisms have been proposed, such as guided resonances [69, 70],
localized surface plasmon resonances [71], and Fabry-Pérot cavity resonances [72]. As an
example, total absorption in a graphene monolayer in the optical regime was recently
14
Figure 1.13: Schematic of an absorption enhancement system for graphene, using either (a)
a lossless metallic mirror or (b) a multilayer dielectric Bragg mirror (1.5 pairs are shown).
The high-index dielectric is blue, yellow represents the lossless metal, and green represents
a low-index dielectric. In both cases, light is incident normally from above [69].
reported through the use of critical coupling with a photonic crystal guided resonance [69].
Since an undoped and unpatterned graphene layer does not exhibit plasmonic responses
in the NIR and visible, the absorption efficiency is entirely controlled by the properties
of the photonic crystal resonances and the guided modes in the slab. It was shown that
a theoretical absorption rate of 100% in the NIR and visible wavelength ranges can be
achieved through matching the external leakage rate of the guided resonance of the sample
with the total internal loss of the graphene monolayer placed on top of the photonic crystal
substrate (Fig. 1.13). The proposed structure could be directly used for the design of
advanced photodetectors and modulators with nanoscale dimensions.
1.3 Outline of the Dissertation
The remainder of this dissertation is organized as follows. In Chapter 2, we investigate
plasmonic coaxial waveguide-cavity devices. In Chapter 3, we design and study compact
slit-based couplers for plasmonic coaxial waveguides. In Chapter 4, we introduce a plas-
monic nanohole array for enhancing the SERS signal of a single layer of graphene in water.
In Chapter 5, we introduce a grating slab for achieving near total absorption in a single




Plasmonic Coaxial Waveguide-cavity Devices
2.1 Introduction
Plasmonic waveguides enable subwavelength confinement of optical modes, and are
therefore important for achieving nanoscale integrated photonic devices [5, 19, 20, 22, 24,
26, 33, 47, 73–81]. In particular, plasmonic two-conductor waveguides support a subwave-
length quasi-transverse-electromagnetic (quasi-TEM) propagating mode at a broad wave-
length range which extends into the infrared and visible [14, 36, 41, 82]. Two-dimensional
(2D) metal-dielectric-metal (MDM) plasmonic waveguides, which are an example of such
plasmonic two-conductor waveguides, have been investigated in detail both theoretically
[30, 83–85] and experimentally [36, 39, 44, 46, 86]. For such waveguides it has been demon-
strated that one can design sharp 90◦ bends and T-splitters with no additional loss on top
of the material loss in the metal over a very wide frequency range [11]. Sharp 90◦ bends
and T-splitters have also been recently demonstrated for three-dimensional (3D) plasmonic
coaxial waveguides with square cross section, which can be fabricated using lithography-
based techniques [35]. In addition, waveguide-cavity systems are particularly useful for the
development of several integrated photonic devices, such as optical switches, sensors, fil-
ters, reflectors, and impedance matching elements. Several 2D plasmonic waveguide-cavity
systems have been theoretically investigated [53, 63, 87–96].
In this chapter, we theoretically investigate 3D plasmonic waveguide-cavity structures,
built by side-coupling stub resonators that consist of plasmonic coaxial waveguides of finite
length, to a plasmonic coaxial waveguide. We first investigate structures consisting of a
single plasmonic coaxial resonator, which is terminated either in a short or an open circuit.
We find that, in contrast to open-circuited 2D MDM plasmonic waveguides which suffer
from large radiation losses, open-circuited plasmonic coaxial waveguides have very small
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radiation losses, and can therefore be used as resonators in waveguide-cavity devices. We
show that the incident waveguide mode is almost completely reflected on resonance, while
far from the resonance the waveguide mode is almost completely transmitted. We next
consider waveguide-cavity structures built by side-coupling a plasmonic coaxial waveguide
to two open-circuited stub resonators. We show that this structure is a plasmonic classical
analogue of electromagnetically-induced transparency (EIT), and exhibits EIT-like trans-
mission spectra, consisting of a transparency peak in the center of a broader transmission
dip.
Figure 2.1: Schematic of a plasmonic coaxial waveguide side-coupled to a coaxial stub
resonator. The propagation direction of light is indicated by red arrows.
We also show that the properties of the waveguide-cavity systems can be accurately
described using a single-mode scattering matrix theory. The transmission and reflection
coefficients at waveguide junctions can be numerically extracted using full-wave simulations,
and the results obtained with scattering matrix theory using this approach are in all cases in
very good agreement with the exact results. These coefficients can also be predicted using
transmission line theory and the concept of characteristic impedance. Despite its limited
accuracy, the transmission line model is computationally efficient, and, when combined with
space mapping algorithms, it could enable the efficient design of nanoplasmonic coaxial
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Figure 2.2: Structure of a plasmonic coaxial waveguide side-coupled to a short-circuited
coaxial stub resonator.
Figure 2.3: Structure of a plasmonic coaxial waveguide side-coupled to an open-circuited
coaxial stub resonators.
waveguide devices. Finally, we show that, with proper choice of their design parameters,
a 3D plasmonic coaxial waveguide-cavity device and a 2D MDM device can have nearly
identical transmission spectra. Thus, 3D plasmonic coaxial waveguides offer a platform for
practical implementation of 2D MDM device designs.
The remainder of the chapter is organized as follows. In Sections 2.2.1 and 2.2.2, we
investigate structures consisting of a plasmonic coaxial waveguide side-coupled to a single
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coaxial resonator, which is terminated in a short circuit and open circuit, respectively. In
Section 2.2.3, we investigate structures consisting of a plasmonic coaxial waveguide side-
coupled to two open-circuited coaxial stub resonators. In Section 2.2.4, we discuss the
emulation of 2D MDM plasmonic waveguide devices with 3D coaxial waveguide devices.
2.2 Results
2.2.1 Plasmonic Coaxial Waveguide Side-coupled to a Short-circuited Coaxial
Stub Resonator
Figure 2.1 shows a schematic of the waveguide-cavity structures investigated in this
chapter. They are built by side-coupling a stub resonator, consisting of a plasmonic coaxial
waveguide of finite length, to a plasmonic coaxial waveguide. The metal used is silver, and
the space between the metallic parts is filled with silica. The structures are placed on top
of a silicon substrate. If the inner and outer metals at the end of the stub are connected
(Fig. 2.2), the stub is short-circuited. Otherwise, it is open-circuited (Fig. 2.3).
Figure 2.4(a) shows the top view schematic at z = 0 of a plasmonic coaxial waveguide,
coupled to a short-circuited stub resonator (Fig. 2.5). The power transmission characteris-
tics of the device are investigated using the 3D finite-difference frequency-domain (FDFD)
method [14, 35]. This method allows us to directly use experimental data for dispersive
materials such as silver [29], including both the real and imaginary parts, with no approx-
imation. We use the stretched-coordinate perfectly matched layer (SC-PML) absorbing
boundary conditions at all boundaries of the simulation domain [97, 98]. To calculate
the power transmission coefficient of the devices, their output power is normalized by the
output power from a straight waveguide of the same length.
Figure 2.6 shows the power transmission coefficient of the coaxial waveguide side-
coupled to the short-circuited coaxial stub resonator as a function of the stub length,
obtained from full-wave FDFD simulations (dots). The operation wavelength is λ0 = 1550
nm. At this wavelength the guide wavelength of the fundamental mode of the plasmonic
coaxial waveguide was found to be λg ' 680 nm. We observe that the transmission becomes
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Figure 2.4: (a) Top view schematic at z = 0 (Fig. 2.5) of a plasmonic coaxial waveguide
side-coupled to a short-circuited coaxial stub resonator. (b and c) Schematics defining the
reflection coefficients r1 and r2, and transmission coefficients t1, t2, t3, and t4, when the
fundamental mode of the plasmonic coaxial waveguide is incident at a T-splitter. Note
that t3 = t4 due to symmetry. (d) Schematic defining the reflection coefficient r3 of the
fundamental mode of the plasmonic coaxial waveguide at the boundary of a short-circuited
coaxial waveguide.
zero when the length of the stub is approximately equal to 290 nm. The metal at the end of
the short-circuited stub and the inner metal of the main waveguide form a cavity resonator.
The required stub length for zero transmission can be estimated based on the dimensions
of this cavity. Since the cavity is short-circuited at both sides, its first resonance length
will be Lc = λg/2 ' 340 nm, where Lc is the cavity length. The distance between the inner
and outer metal of the plasmonic waveguide is w = 50 nm (Fig. 2.5). The required stub
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Figure 2.5: Cross section of the reference plasmonic coaxial waveguide. Silver is used as
the metal.
Figure 2.6: Transmission as a function of the stub length L for the structure of Fig.
2.4(a), calculated using FDFD (dots), scattering matrix theory with numerically calculated
coefficients (blue solid line), and scattering matrix theory with coefficients calculated based
on transmission line model (red dashed line) at λ0 = 1550 nm.
length can therefore be estimated as L = Lc − w ' 290 nm, which is in agreement with
the numerically calculated value (Fig. 2.6). Similarly, the second resonance length can be
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Figure 2.7: (a and b) Magnetic field profiles for the structure of Fig. 2.4(a), normal to the
plane containing the axes of the coaxial waveguide and coaxial stub resonator. Results are
shown for L = 290 nm and 460 nm at λ0 = 1550 nm, when the fundamental mode of the
plasmonic coaxial waveguide is incident from the left.
estimated as Lc = λg ' 680 nm, and therefore the required stub length for the second
resonance is L = Lc − w ' 630 nm. This is again in good agreement with the numerically
calculated value which we found to be 625 nm.
Figures 2.7(a) and 2.7(b) show the profile of the Hz field component for two different
lengths of the stub resonator. For L = 290 nm the cavity is on resonance. Since the
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directly transmitted wave destructively interferes with the decaying amplitude into the
forward direction of the resonant cavity field, the transmission is approximately zero [Fig.
2.7(a)]. For L = 460 nm the cavity is far from resonance. Thus, the cavity mode is not
excited and the incident waveguide mode is almost completely transmitted [Fig. 2.7(b)].
Since the distance between the inner and outer metals of the coaxial waveguide is much
smaller than the wavelength, only the fundamental quasi-TEM mode of the waveguide
[35] propagates. Thus, we can use single-mode scattering matrix theory to account for
the behavior of the system [92, 99]. The complex magnetic field reflection coefficients r1
and r2, and transmission coefficients t1, t2, t3, and t4, when the fundamental mode of
the plasmonic coaxial waveguide is incident at a T-splitter along two different incident
directions are defined as shown in Figs. 2.4(b) and 2.4(c). Note that t3 = t4 due to
the mirror symmetry of the structure. In addition, the reflection coefficient r3 of the
fundamental mode of the plasmonic coaxial waveguide at the boundary of a short-circuited
coaxial waveguide is defined as shown in Fig. 2.4(d). The power transmission coefficient
of the device can then be calculated using scattering matrix theory as [92, 99]
T = |t1 − C|2. (2.1)
Here C = t2t3/(r2−s), s = r3−1exp(2γL), and γ = α+ iβ is the complex wave vector of the
fundamental propagating quasi-TEM mode of the plasmonic coaxial waveguide [92]. The
complex magnetic field reflection and transmission coefficients can be numerically extracted
using full-wave FDFD simulations [92, 99]. We numerically calculated these coefficients,
and the results obtained with scattering matrix theory (Eq. 2.1) using this approach (blue
solid line) are in excellent agreement with the exact results obtained using FDFD (Fig.
2.6).
The complex magnetic field reflection and transmission coefficients can also be predicted
using transmission line theory and the concept of characteristic impedance [11, 99]. The
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characteristic impedance of the fundamental quasi-TEM mode of the plasmonic coaxial
waveguide is defined as the ratio of electric voltage drop between the inner and outer





It can be numerically extracted by integrating the E- and H-fields of the mode [35, 82, 100].
Figure 2.8 shows the transmission line model of the plasmonic coaxial waveguide side-
coupled to the short-circuited coaxial stub resonator. The model consists of a short-
circuited transmission line resonator of length L, propagation constant γ, and characteristic
impedance Z0, which is connected in parallel to a transmission line with the same charac-
teristic impedance Z0 [35, 91].
Figure 2.8: Schematic of the transmission line model of a plasmonic coaxial waveguide side-
coupled to a short-circuited coaxial stub resonator. Here Z0 and γ are the characteristic
impedance and complex propagation constant of the fundamental mode of the plasmonic
coaxial waveguide.
The complex magnetic field transmission and reflection coefficients in Eq. 2.1 can then
be calculated based on this transmission line model. The T-junction of Fig. 2.4(b) is
equivalent to a junction between three transmission lines in the quasi-static limit. Since
all three transmission lines have the same cross sectional shape, they have the same char-
acteristic impedance Z0 (Fig. 2.8). The two output transmission lines are connected in
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parallel, and the current flowing through the input transmission line is equally divided
into the two output lines [35]. The load impedance seen from the input transmission line
is therefore ZL = Z0/2. Thus, the reflection coefficients r1 and r2 can be calculated as
r1 = r2 = (Z0/2 − Z0)/(Z0/2 + Z0) = −1/3 and the transmission coefficients into the
output lines are t1 = t2 = t3 = t4 = 1 + r1 = 2/3. Also r3 = (ZL − Z0)/(ZL + Z0) = −1,
since the stub resonator is short-circuited so that ZL = 0 (Fig. 2.8) [27].
Figure 2.6 shows the transmission as a function of the stub length L for the structure
of Fig. 2.4(a), predicted by the transmission line model described above (red dashed line).
We observe that there is very good agreement between the transmission line model results
and the exact results obtained using FDFD, verifying the validity and usefulness of the
transmission line model for the plasmonic coaxial waveguide structure of Fig. 2.4(a). We
found that the difference between the transmission line results and the exact numerical
results is mostly due to the error introduced by the transmission line model in the phase of
the reflection coefficient [91, 101] at the two interfaces of the side-coupled cavity of length
L. The predictions of the transmission line model are less accurate compared to the ones of
scattering matrix theory with numerically calculated transmission and reflection coefficients
(Fig. 2.6). However, using the transmission line model is a more computationally efficient
approach, since it requires only computation of the modes of the waveguide, without the
need to simulate the junctions and the waveguide ends.
2.2.2 Plasmonic Coaxial Waveguide Side-coupled to an Open-circuited Coax-
ial Stub Resonator
We now consider a waveguide-cavity structure built by side-coupling an open-circuited
stub resonator, consisting of a plasmonic coaxial waveguide of finite length, to a plasmonic
coaxial waveguide (Fig. 2.3). In this case the inner and outer metals at the end of the
stub are not connected, and the resonator is therefore open-circuited. Figure 2.9(a) shows
the top view schematic at z = 0 of the plasmonic coaxial waveguide, coupled to the open-
circuited stub resonator (Fig. 2.3).
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We note that, due to the field profile of the fundamental quasi-TEM mode of the plas-
monic coaxial waveguide [35], the power radiated from an open-circuited coaxial waveguide
is very small. More specifically, we found that for an open-circuited plasmonic coaxial
waveguide with parameters as in Fig. 2.5 operating at λ0 = 1550 nm, the power reflection
coefficient of the fundamental mode of the waveguide at the boundary is |r3|2 ' 0.98. Thus,
the radiation losses for the open-circuited plasmonic coaxial waveguide are very small, and
such a waveguide can be used as a resonator in a plasmonic waveguide-cavity device. This
is in contrast to open-circuited 2D MDM plasmonic waveguides which cannot be used as
resonators, due to the large radiation losses at the waveguide boundary. More specifically,
we found that for an open-circuited 2D MDM waveguide with the same materials, metal
separation, and operating wavelength as the coaxial waveguide in Fig. 2.5 the power reflec-
tion coefficient of the fundamental mode of the waveguide at the boundary is |r|2 ' 0.68.
Thus, open-circuited 2D MDM waveguides suffer from substantial radiation losses, which
are detrimental when such waveguides are used as resonators in plasmonic waveguide-cavity
devices.
Figure 2.10 shows the power transmission coefficient of the coaxial waveguide side-
coupled to the open-circuited coaxial stub resonator as a function of the stub length L,
obtained from full-wave FDFD simulations (dots). We observe that the transmission be-
comes zero when the length of the stub is approximately equal to 100 nm. As in the
case of the short-circuited stub resonator (Section 2.2.1), the air-waveguide interface at the
boundary of the open-circuited stub, and the inner metal of the main waveguide form a
cavity resonator. Since the cavity is short-circuited at one side and open-circuited at the
other, its first resonance length will be Lc = λg/4 ' 170 nm. The required stub length
can therefore be estimated, as in the case of the short-circuited stub resonator (Section
2.2.1), as L = Lc − w ' 120 nm, which is close to the numerically calculated value (100
nm). Similarly, the second resonance length will be Lc = 3λg/4 ' 510 nm. Therefore
the required stub length for the second resonance can be estimated as L = Lc − w ' 460
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Figure 2.9: (a) Top view schematic at z = 0 (Fig. 2.5) of a plasmonic coaxial waveguide
side-coupled to an open-circuited coaxial stub resonator. (b) Schematic defining the re-
flection coefficient r3 of the fundamental mode of the plasmonic coaxial waveguide at the
boundary of an open-circuited coaxial waveguide.
nm, which is the same as the numerically calculated value. We note that for the first
resonance the required stub length is ∼2.9 times smaller than the required length for a
short-circuited stub resonator (Section 2.2.1). Thus, using open-circuited plasmonic coax-
ial stub resonators leads to much more compact waveguide-cavity devices, compared to
devices based on short-circuited resonators.
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Figure 2.10: Transmission as a function of the stub length L for the structure of Fig.
2.9(a) calculated using FDFD (dots), scattering matrix theory with numerically calculated
coefficients (blue solid line), and scattering matrix theory with coefficients calculated based
on transmission line model (red dashed line) at λ0 = 1550 nm.
Figures 2.11(a) and 2.11(b) show the profile of the Hz field component for two different
lengths of the open-circuited stub resonator. For L = 100 nm the cavity is on resonance, the
directly transmitted wave destructively interferes with the decaying amplitude into the for-
ward direction of the resonant cavity field, and the transmission is therefore approximately
zero [Fig. 2.11(a)]. For L = 300 nm the cavity is far from resonance, the cavity mode is
not excited, and the incident waveguide mode is therefore almost completely transmitted
[Fig. 2.11(b)].
As in the case of the short-circuited stub resonator (Section 2.2.1), we can use single-
mode scattering matrix theory to calculate the power transmission coefficient of the device
(Eq. 2.1). The reflection coefficient r3 of the fundamental mode of the plasmonic coaxial
waveguide at the boundary of an open-circuited coaxial waveguide is defined as shown in
Fig. 2.9(b). All other transmission and reflection coefficients in Eq. 2.1 are defined as
before [Figs. 2.4(b) and 2.4(c)]. We numerically calculated all these coefficients, and the
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Figure 2.11: (a and b) Magnetic field profiles for the structure of Fig. 2.9(a), normal to
the plane containing the axes of the coaxial waveguide and coaxial stub resonator. Results
are shown for L = 100 nm and 300 nm at λ0 = 1550 nm, when the fundamental mode of
the plasmonic coaxial waveguide is incident from the left.
results obtained with scattering matrix theory (Eq. 2.1) using this approach (blue solid
line) are in excellent agreement with the exact results obtained using FDFD (Fig. 2.10).
As in the case of the short-circuited stub resonator (Section 2.2.1), we can also use
transmission line theory to predict the behavior of the system. Figure 2.12 shows the trans-
mission line model of the plasmonic coaxial waveguide side-coupled to the open-circuited
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coaxial stub resonator, consisting of an open-circuited transmission line resonator connected
in parallel to a transmission line with the same characteristic impedance. All complex mag-
netic field transmission and reflection coefficients in Eq. 2.1 are calculated based on this
transmission line model, similar to the short-circuited stub resonator case. The only differ-
ence is that for the open-circuited resonator ZL →∞, so that r3 = (ZL−Z0)/(ZL+Z0) = 1.
Similar to the short-circuited stub resonator case, we observe that there is very good agree-
ment between the transmission line model results (red dashed line) and the exact results
obtained using FDFD (Fig. 2.10).
Figure 2.12: Schematic of the transmission line model of a plasmonic coaxial waveguide side-
coupled to an open-circuited coaxial stub resonator. Here Z0 and γ are the characteristic
impedance and complex propagation constant of the fundamental mode of the plasmonic
coaxial waveguide.
2.2.3 Plasmonic Coaxial Waveguide Side-coupled to Two Open-circuited Coax-
ial Stub Resonators
We next consider a waveguide-cavity structure built by side-coupling a plasmonic coax-
ial waveguide to two open-circuited stub resonators, each consisting of a plasmonic coaxial
waveguide of finite length (Fig. 2.13). We use open-circuited coaxial stub resonators
because they lead to much more compact waveguide-cavity devices, compared to short-
circuited resonators (Section 2.2.2). Figure 2.14(a) shows the top view schematic at z = 0
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of the structure (Fig. 2.5). This system is a plasmonic classical analogue of EIT [92, 102–
105]. Such systems enable enhanced light-matter interaction by slowing down light, and
could therefore lead to nanoscale plasmonic devices, such as switches and sensors, with
enhanced performance [92].
Figure 2.13: Structure of a plasmonic coaxial waveguide side-coupled to two open-circuited
coaxial stub resonators.
Figure 2.15 shows the transmission spectra of the coaxial waveguide side-coupled to two
open-circuited coaxial stub resonators obtained from full-wave FDFD simulations (dots).
The structure exhibits EIT-like transmission spectra, consisting of a transparency peak in
the center of a broader transmission dip. The stub lengths L1 and L2 are chosen so that
the frequency of the transparency peak is f0 ' 200 THz.
The transmission spectra are very similar to that of a 2D MDM plasmonic waveguide
side-coupled to two MDM stub resonators [92]. They feature two dips (Fig. 2.15) at
frequencies f1 and f2, which are approximately equal to the resonant frequencies of the two
cavities, i.e., φr1(fi) + φr3(fi) − 2β(fi)Li ' −2π, i = 1, 2, where φri = arg(ri), i = 1, 3.
Here the reflection coefficient r1 is defined as shown in Fig. 2.14(b), while r3 is defined as
shown in Fig. 2.9(b). When either of the cavities is on resonance, the field intensity in
that cavity is high, and the transmission is almost zero, since the incoming wave interferes
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Figure 2.14: (a) Top view schematic at z = 0 (Fig. 2.5) of a plasmonic coaxial waveguide
side-coupled to two open-circuited coaxial stub resonators. (b) Schematic defining the re-
flection coefficient r1, and the transmission coefficients t1, t2, and t3, when the fundamental
mode of the plasmonic coaxial waveguide is incident at a waveguide crossing. Note that
t2 = t3 due to symmetry.
destructively with the decaying amplitude into the forward direction of the resonant cavity
field [Figs. 2.16(a) and 2.16(c)]. The transmission spectra also feature a transparency peak
at frequency f0, which is approximately equal to the resonant frequency of the composite
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Figure 2.15: Transmission spectra for the structure of Fig. 2.14(a) calculated using FDFD
(dots), scattering matrix theory (blue solid line), and transmission line theory (red dashed
line). Results are shown for L1 = 160 nm and L2 = 42 nm. Also shown are the transmission
spectra calculated using FDFD for lossless metal (black solid line).
cavity of length L1+L2+ws formed by the two cavities, i.e., 2φr3(f0)−2β(f0)(L1+L2+ws) '
−2π, where ws = 150 nm is the gap between the two stub resonators. When f = f0, the
field intensity is high in the entire composite cavity [Fig. 2.16(b)], and the peak in the
spectra is due to resonant tunneling of the incoming wave through the composite cavity. In
the lossless metal case, the transparency peak has unity transmission, while in the presence
of loss, the peak transmission is lower due to absorption in the resonators (Fig. 2.15).
As in the case of single resonator structures (Sections 2.2.1 and 2.2.2), we can use
scattering matrix theory to calculate the power transmission coefficient of the device. The
reflection coefficient r1, and transmission coefficients t1, t2, and t3, when the fundamental
mode of the plasmonic coaxial waveguide is incident at a waveguide crossing, are defined
as shown in Fig. 2.14(b). Note that t2 = t3 due to symmetry. The reflection coefficient r3
at the boundary of an open-circuited coaxial waveguide is defined as before [Fig. 2.9(b)].
It turns out that the power transmission coefficient of the device can then be calculated
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Figure 2.16: (a)-(c) Magnetic field profiles for the structure of Fig. 2.14(a), normal to the
plane containing the axes of the coaxial waveguide and coaxial stub resonators. Results
are shown for L1 = 160 nm and L2 = 42 nm at f = 150, 200, and 300 THz, when the
fundamental mode of the plasmonic coaxial waveguide is incident from the left.
again using Eq. (1), where now C = t2
2(2t1−2r1+s1+s2)
t12−(r1−s1)(r1−s2) , and si = r3
−1exp(2γLi), i = 1, 2 [92].
The results obtained with scattering matrix theory (Eq. 2.1), after numerically calcu-
lating the transmission and reflection coefficients (blue solid line), are in very good agree-
ment with the exact results obtained using FDFD (Fig. 2.15). The difference between the
scattering matrix theory results and the exact numerical results is due to coupling of higher
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order nonpropagating modes of the waveguides which becomes important because of the
deep subwavelength lengths of the resonators [99].
Figure 2.17: Schematic of the transmission line model of a plasmonic coaxial waveguide side-
coupled to two open-circuited coaxial stub resonators. Here Z0 and γ are the characteristic
impedance and complex propagation constant of the fundamental mode of the plasmonic
coaxial waveguide.
Similar to single resonator structures (Sections 2.2.1 and 2.2.2), we can also use trans-
mission line theory to account for the behavior of the coaxial waveguide side-coupled to
two resonators. Figure 2.17 shows the transmission line model of the structure, consisting
of two open-circuited transmission line resonators connected in parallel to a transmission
line with the same characteristic impedance. All transmission and reflection coefficients are
calculated based on this model. Thus, the waveguide crossing of Fig. 2.14(b) is equivalent
to a junction between four transmission lines with the same characteristic impedance Z0.
The three output transmission lines are connected in parallel, and the load impedance seen
from the input transmission line is therefore ZL = Z0/3. The reflection coefficient can then
be calculated as r1 = (Z0/3 − Z0)/(Z0/3 + Z0) = −1/2, and the transmission coefficients
into the output lines are t1 = t2 = t3 = 1 + r1 = 1/2.
We observe that there is qualitative agreement between the transmission line model
results and the exact results obtained using FDFD (Fig. 2.15). While the transmission
at the transparency peak is correctly predicted by the transmission line model, the peak
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frequency obtained using transmission line theory is blue-shifted with respect to the FDFD
result (Fig. 2.15). The reason for the significant difference between the transmission
line results and the exact numerical results for the transmission spectra of the coaxial
waveguide side-coupled to two resonators is that the spectra result from the interference
of two resonant pathways [88]. Despite its limited accuracy for structures with multiple
components, the transmission line model is computationally efficient, and, when combined
with space mapping algorithms, it could enable the efficient design of nanoplasmonic coaxial
waveguide devices [106].
2.2.4 Emulation of 2D MDM Plasmonic Waveguide Devices with 3D Coaxial
Waveguide Devices
In the previous section, we saw that the transmission spectra of a 3D plasmonic coaxial
waveguide side-coupled to two open-circuited coaxial stub resonators are very similar to that
of a 2D MDM waveguide side-coupled to two MDM stub resonators. Here we show that,
with proper choice of their design parameters, a 3D plasmonic coaxial waveguide-cavity
device and a 2D MDM waveguide-cavity device can have nearly identical transmission
spectra.
Figure 2.18: Schematic of a two-dimensional silver-air-silver MDM plasmonic waveguide
side-coupled to two short-circuited MDM stub resonators.
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Figure 2.19: Transmission spectra for the two-dimensional structure of Fig. 2.18 calculated
using FDFD for w = 50 nm, L1 = 354 nm, and L2 = 154 nm (solid green line). Also
shown are the transmission spectra for the three-dimensional structure of Fig. Fig. 2.14(a)
calculated using FDFD for L1 = 160 nm and L2 = 42 nm (red dots).
More specifically, we consider a 2D silver-air-silver MDM plasmonic waveguide side-
coupled to two short-circuited MDM stub resonators (Fig. 2.18). The transmission spectra
of the 3D plasmonic coaxial waveguide side-coupled to two open-circuited coaxial stub
resonators, which we discussed in the previous section, are shown in Fig. 2.15. We use the
space mapping algorithm [106] to find the optimum match between the responses of the 2D
(Fig. 2.18) and 3D (Fig. 2.13) plasmonic waveguide devices. Using this approach, we find
that, when the stub lengths L1 and L2 of the 2D MDM device (Fig. 2.18) are optimized,
its transmission spectra almost exactly match the spectra of the 3D device (Fig. 2.19).
While here we found a 2D structure which matches the response of a 3D structure, the
opposite process is also possible: we can use the space mapping algorithm [106] to find a
3D structure with nearly identical response to that of a 2D structure. This is particularly
useful for the practical implementation of plasmonic waveguide-cavity devices. Most of
the theoretical investigations of plasmonic waveguide-cavity systems have focused on 2D
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structures [53, 63, 87–96]. This is due to the smaller computational cost of full-wave elec-
tromagnetic simulations in 2D compared to 3D, as well as the simplicity of visualizing and
understanding the underlying optical physics in 2D [107]. However, practical realization of
these waveguide-cavity systems requires the use of 3D structures. Since with proper choice
of design parameters 3D plasmonic coaxial waveguide-cavity devices can have nearly identi-
cal transmission spectra to that of 2D MDM devices, the 2D designs can be translated into
3D designs suitable for experimental realization. Thus, 3D plasmonic coaxial waveguides
offer a platform for practical implementation of 2D MDM devices.
38
Chapter 3
Compact Slit-based Couplers for Plasmonic Coaxial Waveg-
uides
3.1 Introduction
Plasmonic waveguides are important components of integrated photonics circuits due to
their ability to guide light with subwavelength optical modes [5, 19, 20, 22, 24, 26, 33, 47, 73–
81]. In the past few years, several different nanoscale plasmonic waveguide structures have
been proposed, such as metallic V-shaped grooves, and metallic nanowires [1, 8, 11, 26, 30,
87, 89, 108]. Among these nanoscale waveguides, two-conductor waveguides have received
the most attention from researchers, owing to their wide spectral range of operation, which
is from DC to visible [28, 109]. Since there is no cut-off frequency for the fundamental
mode of two-conductor waveguides, they are able to support deep subwavelength modes.
This feature makes two-conductor waveguides appropriate structures for squeezing optical
modes to nanoscale volumes, suitable for realizing nanophotonic devices [15].
Recently, plasmonic coaxial waveguides were introduced that are based on a two-
conductor configuration [35, 110]. It has been shown that, sharp 90◦ bends and T-splitters
can be implemented in three dimensions based on plasmonic coaxial waveguides with nearly
no bending loss other than the inherent ohmic loss of the straight waveguide itself over a
broad range of wavelengths, including the telecommunication wavelength of 1550 nm.
For applications involving plasmonic waveguides it is essential to develop compact struc-
tures for efficient excitation of the fundamental mode of the plasmonic waveguides from a
free space radiating source [14, 88]. Several different coupling structures for two-dimensional
metal-dielectric-metal (MDM) waveguides have been investigated both theoretically and
experimentally [14, 50, 53, 111–113]. It has been shown that compact wavelength-scale
slit-based structures efficiently couple free space light into subwavelength MDM plasmonic
39
waveguides [36, 40, 44, 46, 114].
In this chapter, we theoretically investigate compact slit-based structures for exciting
the fundamental mode of plasmonic coaxial waveguides from a free space plane wave source.
We first consider a single-slit coupler structure and show that optimizing the slit dimensions
at a wavelength of 1550 nm maximizes the coupling efficiency to the plasmonic coaxial
waveguide. We also show that the efficiency is limited by a trade-off between the light
power coupled into the slit and the transmission of the slit-coaxial waveguide junction. We
then consider double-slit and triple-slit coupler structures. We show that for such structures
the light power coupled into the slits is greatly increased. The optimized double-slit and
triple-slit structures result in ∼3.02 and ∼4.21 times coupling enhancement compared to
the optimized single-slit structure. In addition, we investigate the outcoupling efficiency
of the proposed slit-based structures for extraction of light from the plasmonic coaxial
waveguide to free space. We show that slit-based couplers, functioning as slit nanoantennas,
efficiently couple the fundamental mode of the plasmonic coaxial waveguide to free space
radiation, which can be collected at a light detector located in the far field region of the slit
nanoantennas. We also show that, while for a single-slit nanoantenna the radiation pattern
is always symmetric, for double-slit and triple-slit structures the direction of maximum
radiation can be tuned through the design parameters of the coupling structure. Finally,
we show that, by exciting the incoupling slit structures at proper angles, one can excite
only the right or the left propagating mode of the plasmonic coaxial waveguide.
The remainder of the chapter is organized as follows. In Section 3.2, we first define the
transmission cross section of the plasmonic coaxial waveguide for a given coupling structure,
and briefly describe the simulation method used for the analysis of the couplers. The results
obtained for the single-slit, double-slit, and triple-slit incoupling structures are presented
in Subsections 3.2.1, 3.2.2, and 3.2.3, respectively. Finally, in Subsection 3.2.4, the results
for the outcoupling structures and for the asymmetric excitation of the waveguide modes
of the plasmonic coaxial waveguide are presented.
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3.2 Results
We consider compact wavelength-scale structures for incoupling a normally incident
plane wave from free space into the fundamental mode of the plasmonic coaxial waveguide.
The cross section of the reference waveguide investigated in this chapter is shown in Fig.
3.1(d). The waveguide is placed on top of a silicon (Si) substrate, and the space between the
inner and outer coaxial metals is filled with silica (SiO2). We use silver (Ag) as the metal.
The coupling slits are introduced in the upper metallic side of the waveguide [Fig. 3.1(a)].
In all cases, the total width of the incoupling structure is limited to less than 1.1 µm, which
approximately corresponds to one wavelength in silica (λs =
λ0
ns
, where ns = 1.44), when
operating at the optical communication wavelength (λ0=1.55 µm).
Due to the symmetry of all coupling structures considered in this chapter, the same
amount of power couples into the left and right propagating plasmonic waveguide modes
for a normally incident plane wave. In other words, half of the total incoupled power
couples into each of the left and right propagating waveguide modes. For comparison
of different incoupling configurations, we define the transmission cross section σT of the
plasmonic coaxial waveguide as the total light power coupled into the right propagating
fundamental quasi-TEM mode of the waveguide, normalized by the incident plane wave
power flux density [114].
We use a three-dimensional finite-difference time-domain (FDTD) method to numer-
ically calculate the transmission in the plasmonic coaxial waveguide (Lumerical FDTD
Solutions) [115]. Dielectric permittivity data for silver and silica are obtained from CRC
and Palik, respectively [116, 117]. Perfectly matched layer (PML) absorbing boundary
conditions are used at all boundaries of the simulation domain [118]. The simulation mesh
size is chosen to be 1 nm, which we found to be sufficient for accurate numerical results.
We also use a normally incident plane wave to excite the structure.
41
Figure 3.1: (a) Schematic of a structure consisting of a single slit for incoupling a normally
incident plane wave from free space into the fundamental mode of a plasmonic coaxial
waveguide. (b) Cross-sectional view of the coupler structure at the y = 0 plane. (c) Cross-
sectional view of the coupler structure at the interface between the slit and air. (d) Cross
section of the reference plasmonic coaxial waveguide. Silver is used as the metal and silica
as the dielectric.
3.2.1 Single-slit Coupler
We first consider a structure consisting of a single slit for incoupling a normally incident
plane wave from free space into the fundamental mode of the plasmonic coaxial waveguide
with dielectric core area of A [A = 2× 104 nm2 from Fig. 3.1(d)] [Figs. 3.1(a), 3.1(b) and
3.1(c)]. In Fig. 3.2, we show the transmission cross section σT of the plasmonic coaxial
waveguide in units of A for the single-slit structure of Fig. 3.1(b) as a function of the width
d and length h of the slit. For the range of parameters shown, we observe one transmission
peak. The maximum cross section of σT ∼4.9A is obtained for such an incoupling structure
for d =70 nm and h=95 nm (Fig. 3.2).
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Both the plasmonic coaxial waveguide and the silver-silica-silver slit have subwave-
length widths, so that only the fundamental mode is propagating in them. Thus, we can
use single-mode scattering matrix theory to account for the behavior of the system. We
use FDTD to numerically extract the transmission cross section σT1 of a silver-silica-silver
plasmonic slot waveguide with dielectric core thickness d [Fig. 3.3(a)]. We also use FDTD
to extract the complex magnetic field reflection coefficient r1 and transmission coefficient
t1 of the fundamental mode of a plasmonic coaxial waveguide at the T-shaped junction
with a silver-silica-silver plasmonic slot waveguide [Fig. 3.3(b)], as well as the reflection
coefficient r2 at the interface between the silver-silica-silver plasmonic slot waveguide and
air [Fig. 3.3(c)].
The transmission cross section σT of the plasmonic coaxial waveguide for the single-slit
structure of Fig. 3.1(a) can then be calculated using scattering matrix theory as [88]:
σT = σT1ηres1Tsplitter, (3.1)
where Tsplitter = |t1|2 is the power transmission coefficient of the T-shaped junction of
Fig. 3.3(b), ηres1 = |
exp(−γ1h)
1−r1r2exp(−2γ1h) |
2 is the resonance enhancement factor associated with
the silver-silica-silver slit resonance, and γ1 = α1 + iβ1 is the complex wavevector of the
fundamental propagating quasi-TEM mode in the silver-silica-silver plasmonic slot waveg-
uide. We note that the resonance enhancement factor ηres1 is a function of reflection
coefficients r1 and r2 at both sides of the silver-silica-silver slit. We also note that ηres1
exhibits a maximum when the Fabry-Pérot resonance condition of the slit is satisfied [i.e.
arg(r1) + arg(r2)− 2β1h = −2mπ with m being an integer]. Thus, for a given slit width d,
the transmission cross section σT of the plasmonic coaxial waveguide is maximized for the
slit length h which satisfies the above Fabry-Pérot resonance condition.
Figure 3.4 shows the transmission cross section σT of the plasmonic coaxial waveguide
for the single-slit structure of Fig. 3.1(a) as a function of the slit length h calculated using
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Figure 3.2: Transmission cross section σT of the plasmonic coaxial waveguide in units of
A for the single-slit coupler structure of Fig. 3.1(a) as a function of the slit width d and
length h [Fig. 3.1(b)] calculated using FDTD. Here, A is the area of the dielectric core in
the cross section of the plasmonic coaxial waveguide [Fig. 3.1(d)]. Results are shown for
λ0 = 1550 nm. All other parameters are as in Fig. 3.1(d).
FDTD. The transmission cross section σT exhibits peaks associated with the Fabry-Pérot
resonances of the slit. The maximum transmission cross section corresponds to the first
peak which is associated with the first Fabry-Pérot resonance of the slit. Also shown in the
figure are the results of scattering matrix theory for calculating σT (Eq. 3.1). We observe
that there is excellent agreement between the scattering matrix theory results and the exact
results obtained using FDTD. However, for small slit length h, even though the resonance
wavelength is correctly predicted by the theory, the predicted peak transmission cross
section σT deviates from the numerical simulation result. We found that this deviation
is due to the fact that in the theory direct coupling between free space light and the
fundamental mode of the plasmonic coaxial waveguide is not taken into account. For small
slit lengths h, this direct coupling cannot be neglected.
For the optimized structure (d = 70 nm and h = 95 nm) the transmission cross section
of the silver-silica-silver slit is σT1∼5.02A∼1×105 nm2. This indicates that the silver-silica-
silver slit collects light from an area significantly larger than its geometrical cross sectional
area (70×200 nm = 1.4×104 nm2). In addition, the power transmission coefficient for the
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Figure 3.3: (a) Schematic defining the transmission cross section σT1 of a semi-infinite
plasmonic slot waveguide when a plane wave is normally incident on it. (b) Schematic
defining the reflection coefficient r1 when the fundamental mode of a plasmonic slot waveg-
uide is incident at the junction with a plasmonic coaxial waveguide. (c) Schematic defining
the reflection coefficient r2 of the fundamental mode of a plasmonic slot waveguide at the
waveguide/air interface.
T-shaped junction is Tsplitter ∼0.07, and the resonance enhancement factor is ηres1 ∼11.10.
Thus, ∼2 × 0.07 = 14% of the incident power at the junction is transmitted to the left
and right propagating modes of the plasmonic coaxial waveguide. We observe that the
high resonance enhancement factor of the silver-silica-silver slit ηres1 compensates for the
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Figure 3.4: Transmission cross section σT for the single-slit coupler structure of Fig. 3.1(a)
as a function of the slit length h calculated using FDTD (red circles) and scattering matrix
theory (black solid line). Results are shown for d = 70 nm. All other parameters are as in
Fig. 3.2.
Figure 3.5: Profiles of magnetic and electric field components for the single-slit coupler
structure of Fig. 3.1(a) depicted at y = 0 in Fig. 3.1(d). Results are shown for the
optimized slit parameters d = 70 nm, h = 95 nm. All other parameters are as in Fig. 3.2.
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low power transmission coefficient of the T-shaped junction, resulting in a high coupling
efficiency to the fundamental mode of the plasmonic coaxial waveguide.
In Fig. 3.5, profiles of the y component of the magnetic field and the z component of
the electric field are shown for the structure of Fig. 3.1(a) at y = 0 [Fig. 3.1(d)], when
the slit dimensions are optimized for maximum transmission cross section σT . We observe
that, since the transmission cross section of the plasmonic coaxial waveguide σT ∼4.9A is
larger than its geometrical area A, the field in the plasmonic coaxial waveguide is enhanced
with respect to the incident plane wave field.
3.2.2 Double-slit Coupler
In order to further enhance the coupling efficiency from the free space plane wave to the
fundamental mode of the plasmonic coaxial waveguide, we consider a symmetric double-slit
structure [Fig. 3.6(a)]. As before, the total width of the incoupling structure 2d + D is
limited to 1.1 µm [Fig. 3.6(b)]. In Fig. 3.7 we show the transmission cross section σT of
the plasmonic coaxial waveguide for the structure of Fig. 3.6(a) as a function of the width
d and length h of the slits calculated using FDTD. For the range of parameters shown,
we observe one peak in the transmission cross section of the plasmonic coaxial waveguide.
The maximum transmission cross section of σT ∼14.80A is obtained for such an incoupling
structure for d = 210 nm (D = 690 nm) and h = 160 nm. We observe that a double silver-
silica-silver slot waveguide collects more light than a single silver-silica-silver slot waveguide
with the same total silica core thickness. This is due to the fact that, when a plane wave
is incident on a semi-infinite slot waveguide, surface plasmon waves are excited at the
air-metal interface. In the double-slit structure [Fig. 3.6(b)], the power of these surface
plasmon waves is partially coupled into the plasmonic coaxial waveguide, thus increasing
the total light power collected by the structure. In other words, in a double-slit coupler
structure the maximum transmission cross section σT is enhanced ∼3.02 times compared
to the optimized single-slit coupler.
In Fig. 3.8, profiles of the y component of the magnetic field and the z component of
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Figure 3.6: (a) Schematic of a double-slit structure for incoupling a normally incident plane
wave from free space into the fundamental mode of a plasmonic coaxial waveguide. (b)
Cross-sectional view of the coupler structure at the y = 0 plane.
the electric field are shown for the structure of Fig. 3.6(a) at y = 0 [Fig. 3.1(d)], when
the slit dimensions are optimized for maximum transmission cross section σT . We observe
that, since the transmission cross section of the plasmonic coaxial waveguide σT ∼14.80A
is much larger than its geometrical area A, the field in the plasmonic coaxial waveguide is
enhanced with respect to the incident plane wave field.
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Figure 3.7: Transmission cross section σT of the plasmonic coaxial waveguide in units of
A for the double-slit coupler structure of Fig. 3.6(a) as a function of the slit width d and
length h [Fig. 3.6(b)] calculated using FDTD. Here, A is the area of the dielectric core in
the cross section of the plasmonic coaxial waveguide [Fig. 3.1(d)]. The total width of the
incoupling structure is 2d + D = 1.1 µm. Results are shown for λ0 = 1550 nm. All other
parameters are as in Fig. 3.1(d).
3.2.3 Triple-slit Coupler
In order to further enhance the coupling efficiency of the structure we increase the
number of slits in the coupler. This structure consists of more resonators, hence we expect
increased coupling efficiency from the free space plane wave to the fundamental mode of
the plasmonic coaxial waveguide. Here we consider a symmetric triple-slit structure [Fig.
3.9(a)]. We found that at λ0 = 1550 nm, the coupling efficiency is maximum if the distance
between adjacent slits is P = 900 nm [Fig. 3.9(b)]. Figure 3.10 shows the transmission cross
section σT of the plasmonic coaxial waveguide in units of A for the structure of Fig. 3.9(a)
as a function of the width d and length h of the slits calculated using FDTD. The maximum
transmission cross section of σT ∼20.65A is obtained for this incoupling structure at d = 70
nm and h = 115 nm. In this triple-slit coupler structure, the transmission cross section
of the plasmonic coaxial waveguide is enhanced ∼4.21 and ∼1.39 times compared to the
optimized single- and double-slit couplers, respectively. The number of the slit resonators
can be further increased, but we found that the transmission cross section σT does not
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Figure 3.8: Profiles of magnetic and electric field components for the double-slit coupler
structure of Fig. 3.6(a). Results are shown for the optimized slit parameters d = 210 nm,
h = 165 nm. All other parameters are as in Fig. 3.7.
increase significantly for structures with four and five slit resonators. On the other hand,
the total length of the coupler greatly increases for four- and five- slit couplers. Thus, we
did not further consider couplers with more than three slits.
In Fig. 3.11 we show profiles of the y component of the magnetic field and the z
component of the electric field for the structure of Fig. 3.9(a), when the slit dimensions are
optimized for maximum transmission cross section σT . The triple-slit coupler has higher
incoupling efficiency compared to the double-slit coupler. This, however, comes at the cost
of significantly larger size.
The incoupling structures were all optimized at a single wavelength of λ0 = 1.55 µm. In
Fig. 3.12, we show the transmission cross section σT of the plasmonic coaxial waveguide as a
function of frequency for the optimized structures of Fig. 3.5 (single-slit), Fig. 3.8 (double-
slit), and Fig. 3.11 (triple-slit). We observe that the operation frequency range for high
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Figure 3.9: (a) Schematic of a triple-slit structure for incoupling a normally incident plane
wave from free space into the fundamental mode of a plasmonic coaxial waveguide. (b)
Cross-sectional view of the coupler structure at the y = 0 plane.
transmission is broad. This is due to the fact that in all cases the enhanced transmission
is not associated with any strong resonance. In other words, the quality factors Q of the
slit coupling structures are low.
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Figure 3.10: Transmission cross section σT of the plasmonic coaxial waveguide in units of A
for the triple-slit coupler structure of Fig. 3.9(a) as a function of the slit width d and length
h [Fig. 3.9(b)] calculated using FDTD. Here, A is the area of the dielectric core in the
cross section of the plasmonic coaxial waveguide [Fig. 3.1(d)]. The distance between two
adjacent slits is P = 900 nm. Results are shown for λ0 = 1550 nm. All other parameters
are as in Fig. 3.1(d).
Figure 3.11: Profiles of magnetic and electric field components for the structure of Fig.
3.9(a). Results are shown for the optimized slit parameters d = 70 nm, h = 115 nm at
λ0 = 1550 nm. All other parameters are as in Fig. 3.10.
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Figure 3.12: Transmission cross section σT spectra in units of A for the three optimized
incoupling structures in Figs. 3.1(a) (single-slit), 3.6(a) (double-slit), and 3.9(a) (triple-
slit). Here, A is the area of the dielectric core in the cross section of the plasmonic coaxial
waveguide [Fig. 3.1(d)]. Results are shown for the structure of Fig. 3.1(a) with d = 70
nm, h = 95 nm (black line), for the structure of Fig. 3.6(a) with d = 210 nm, h = 165 nm
(blue line), and for the structure of Fig. 3.9(a) with d = 70 nm, h = 115 nm (red line). All
other parameters are as in Fig. 3.1(d).
3.2.4 Light Extraction from the Plasmonic Coaxial Waveguide Through Com-
pact Slit-based Structures
We have so far discussed slit-based couplers for incoupling free space light into the
fundamental mode of the plasmonic coaxial waveguide. However, it is also important to
investigate light extraction from the plasmonic coaxial waveguide with a deep subwave-
length fundamental mode. In this section, we consider slit-based outcoupling structures for
coupling modal fields of the plasmonic coaxial waveguide to free space radiation that can
be collected at a detector.
Figure 3.13 shows the cross sectional view of an outcoupling structure based on slit
resonators. Here we consider a triple-slit outcoupling structure. Single- and double-slit
structures can also be used for outcoupling. As shown in the schematic, the fundamental
mode of the plasmonic coaxial waveguide is incident from the left, and the slits act as
nanoantennas and outcouple the waveguide mode to free space radiation. Here, θ is the
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Figure 3.13: Schematic of the triple-slit coupler structure in cross sectional view at the
y = 0 plane, when the fundamental quasi-TEM mode of the plasmonic coaxial waveguide
is incident from the left and the slits outcouple light to free space. Here, θ is the angle
between the direction of maximum radiation intensity (main lobe) and the z direction.
angle between the direction of maximum radiation intensity (main lobe) and the z direction.
In Figs. 3.14(a), 3.15(a), and 3.16(a) we show the calculated local electric field immediately
above the slits, when the fundamental mode of the waveguide is incident from the left at
λ0 = 1550 nm for single-, double- and triple-slit structures, respectively (Fig. 3.13). The slit
dimensions are the same as in Figs. 3.5, 3.8, and 3.11. We calculated the far field radiation
pattern of these slit nanoantennas using the calculated near field distributions [119]. Figures
3.14(b), 3.15(b), and 3.16(b) show the far field radiation pattern for outcoupling structures
with single-, double- and triple-slit nanoantennas, respectively. We observe that, while
the radiation pattern of a single-slit nanoantenna is always symmetric regardless of the
direction of incidence of the fundamental mode of the waveguide, the radiation patterns
of the double-slit and triple-slit structures are asymmetric. This asymmetric radiation
pattern is a result of the asymmetric excitation of the slit nanoantennas, which leads to
stronger resonant fields in the slits closest to the excitation source. However, if the slit
nanoantennas are symmetrically excited with waveguide modes incident from the left and
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Figure 3.14: (a) Profile of the electric field amplitude calculated immediately above the
interface between the slits and air (Fig. 3.13). All parameters are as in Fig. 3.5. (b)
Far-field radiation patterns above the slits for the optimized structures of Fig. 3.1(a)
(single-slit), when the fundamental quasi-TEM mode of the plasmonic coaxial waveguide
is excited as in Fig. 3.13. Results are shown for the structure of Fig. 3.1(a) with d = 70
nm, h = 95 nm.
right, the radiation pattern becomes symmetric. This feature can be used to adjust the
direction of maximum radiation intensity of the slit nanoantennas by tuning the distance
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Figure 3.15: (a) Profile of the electric field amplitude calculated immediately above the
interface between the slits and air (Fig. 3.13). All parameters are as in Fig. 3.8. (b)
Far-field radiation patterns above the slits for the optimized structures of Fig. 3.6(a)
(double-slit), when the fundamental quasi-TEM mode of the plasmonic coaxial waveguide
is excited as in Fig. 3.13. Results are shown for the structure of Fig. 3.6(a) with d = 210
nm, and h = 165 nm.
between the slits and their dimensions. For instance, in Figs. 3.15(b) and 3.16(b), the
radiation intensity is maximized for θ∼20◦ and θ∼35◦, respectively.
A direct consequence of the asymmetric radiation pattern is that the fundamental mode
of the plasmonic coaxial waveguide can be asymmetrically excited by adjusting the angle of
56
Figure 3.16: Profile of the electric field amplitude calculated immediately above the inter-
face between the slits and air (Fig. 3.13). All parameters are as in Fig. 3.11. Far-field
radiation patterns above the slits for the optimized structures of Fig. 3.9(a) (triple-slit),
when the fundamental quasi-TEM mode of the plasmonic coaxial waveguide is excited as
in Fig. 3.13. Results are shown for the structure of Fig. 3.9(a) with d = 70 nm, h = 115
nm.
incidence of the free space plane wave. In other words, with proper choice of the dimensions
of the slit couplers and the angle of incidence of the free space plane wave, one can excite
only the right or only the left propagating mode of the plasmonic coaxial waveguide. Figure
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Figure 3.17: Profile of the magnetic field component Hy at the y = 0 plane when the plane
wave is incident from free space at an angle of θ = 20o on the double-slit structure [Fig.
3.6(a)] with optimized parameters of d = 210 nm, h = 165 nm. All other parameters are as
in Fig. 3.7. FDTD calculations show that ∼93.9% of the power coupled into the waveguide
couples to the right propagating mode.
3.17 shows the profile of the magnetic field component Hy at the y = 0 plane, when the
plane wave is incident from free space at an angle of θ = 20o on the double-slit structure
[Fig. 3.6(a)] with optimized parameters of d = 210 nm, h = 165 nm. FDTD calculations




Plasmonic Nanohole Array for Enhancing the SERS
Signal of a Single Layer of Graphene in Water
4.1 Introduction
Since its discovery in 1974 surface enhanced Raman spectroscopy (SERS) [54–59] has
been used as a promising tool for detection and characterization of chemicals [120–132].
The Raman signal of molecules is strongly enhanced when they are adsorbed on the surface
of metallic nanostructures, which exhibit local surface plasmon resonances. This SERS ef-
fect originates in the giant enhancement of the local electromagnetic field at the pump laser
wavelength [62–66] and of the local density of optical states (LDOS) at the Raman emis-
sion wavelengths [133–135] in hotspots, due to surface plasmon resonances of the metallic
nanostructures to which the target molecules are adsorbed [68, 127, 136–142]. Owing to its
ultra-high sensitivity, SERS has shown promise as a powerful tool for chemical identifica-
tion with applications in biochemistry, food sciences, environmental studies and forensics
[143]. In many of these applications, such as in detection of pollutants in sea-water and in
measurement of blood glucose [130], SERS is measured in water.
The two-dimensional (2D) nature of graphene with a single atomic layer of sp2-bonded
carbon atoms, and the easiness of its integration with plasmonic nanostructures has made
graphene a useful probe for investigating the optical response of such nanostructures
[2, 65, 102, 144–150]. Graphene itself has also been used as a planar SERS substrate
for other target molecules [145, 147, 151–154]. In addition, using graphene is useful for
overcoming some of the problems associated with conventional SERS substrates, such as
the photochemical reaction of molecules in direct contact with metallic nanostructures, and
the continuum spectral background originated from fluorescence [3].
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In this chapter, we numerically design and experimentally test a SERS-active substrate
for enhancing the SERS signal of a single layer of graphene (SLG) in water. The SLG is
placed on top of an array of silver-covered nanoholes in a polymer and is covered with water.
The SLG experiences an enhanced optical overlap with the local fields at the surface of
the SERS substrate. Here we report a large enhancement of up to 2 × 105 in the SERS
signal of the SLG on the patterned plasmonic nanostructure for a 532 nm excitation laser
wavelength, when the SLG is covered with water. We provide a detailed study of the
light-graphene interactions by investigating the optical absorption in the SLG, the density
of optical states at the location of the SLG, and the extraction efficiency of the SERS
signal of the SLG. The origin of the additional enhancement when water is placed on the
graphene monolayer is that water leads to a red shift in the surface plasmon resonance,
so that the excitation wavelength approximately matches the resonance wavelength of the
structure. We find that water droplets increase the confinement of electromagnetic fields
on the location of the SLG that results in enhanced light absorption in the graphene at
the excitation wavelength. We also find that water droplets increase the density of optical
radiative states at the location of the SLG, leading to enhanced spontaneous emission rate
of graphene at its Raman emission wavelengths.
4.2 Results
4.2.1 Graphene-covered Plasmonic Nanohole Array
We first design the SERS-active substrate consisting of a SLG placed on top of an array
of silver-covered nanoholes in a polymer which is covered with water. A schematic of the
designed system is shown in Fig. 4.1(a). The electric field in the structure for a plane wave
excitation is calculated using the finite-difference time-domain (FDTD) method. In order
to maximize the enhancement of the SERS signal, we choose the periodicity of the array
and the dimensions of the nanoholes so as to match the plasmon resonance of the structure
with the excitation laser wavelength of 532 nm [146]. The periodicity of the square lattice
of nanoholes and the cup depth h are chosen to be 350 nm and 500 nm, respectively [Fig.
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Figure 4.1: Schematic of plasmonic nanohole array covered by a single layer of graphene
(SLG). (a) Nanohole array substrate with 350 nm lattice constant on polymer substrate
(n=1.56) supporting a SLG. A fraction of graphene surface is covered with water droplets.
(b) Cross-sectional view of one unit cell of the nanostructure. The thicknesses of silver and
titanium layers are 90 nm and 9 nm, respectively. Nanoparticles are 40 nm in diameter.
The cup depth h is 500 nm. Top and bottom hole diameters are 200 nm and 160 nm,
respectively.
4.1(c)]. Top and bottom hole diameters are 200 nm and 160 nm, respectively.
The chemical vapor deposition (CVD)-grown graphene layer was wet transferred onto
the plasmonic nanohole array in which titanium (Ti) and silver (Ag) layers are 9 nm and 90
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nm in thickness, respectively [Fig. 4.1(c)] (see Section 4.3 and Appendix A). The scanning
electron microscope (SEM) image [Fig. 4.2(a)] and Raman spectra (Fig. 4.3) reveal the
successful transfer of the graphene monolayer on top of the nanohole array. It can be
clearly observed that the nanohole array exhibits high uniformity after the replication
process [Figs. 4.2(a), 4.2(b)].
Figure 4.2: (a) Top view (top) and cross-sectional view (bottom) SEM images of the
nanohole array substrate. (b) SEM images of the nanostructure partially covered with
water droplets.
Moreover, due to the unique cup-shaped profile of the nanoholes, a dense array of 40
nm silver nanoparticles is formed on their sidewalls after metal deposition [155]. We found
that, since the near field of the localized surface plasmons of these nanoparticles is negligible
at the location of the graphene layer, the nanoparticles do not significantly contribute to
the Raman enhancement. As we will see below, the proposed structure enhances the SLG
Raman signal compared to an unpatterned structure. Surface plasmons at the interface of
silver and the dielectric above it, and localized plasmons in the nanoholes promote strong
light absorption in the SLG.
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4.2.2 Observation of SERS Enhancement in SLG
Figures 4.2(b) and 4.4 show the optical and SEM images of the sample, respectively,
with the SLG partially covered with water droplets. This sample enables us to consistently
compare the SERS signal from the same SLG covered with either air or water on the same
substrate. Figure 4.3 shows the measured SERS spectra of the SLG on the nanohole array
covered with either air (black curve) or water (red curve). For comparison, the Raman
signal of the SLG on glass is also shown (blue curve).
We observe graphene Raman signal peak intensity enhancements of about 10-fold and
100-fold for the plasmonic nanohole array covered with air and water, respectively, com-
pared to the graphene Raman signal for the glass substrate (covered with air). As discussed
in the next section, this enhancement is due to the strong field confinement at the loca-
tion of the SLG when it is covered with water at the pump laser wavelength, as well as
the enhancement in the LDOS at the location of the SLG at its Raman emission wave-
lengths. It should be noted that, while the measured Raman signal spectra in conventional
SERS-active substrates originate from an area comparable to the excitation wavelength,
the enhancement of the Raman signal of the SLG predominantly comes from the plasmonic
resonances that are extremely localized to areas of a few square nanometers on the surface
of the sample [102]. If this difference in areas is taken into account, the enhancement in
the SERS signal of graphene is calculated to be ∼2×105 for the plasmonic nanohole array
covered with water (see Appendix A).
4.2.3 Water-assisted SERS Enhancement Mechanism
In this sample the SERS signal of the SLG is enhanced through two physical processes
of excitation rate enhancement and emission efficiency enhancement as follows [65, 68, 156–
158]:
γ = ΓexcΓem. (4.1)
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Figure 4.3: Observation of Raman response of the SLG. Raman spectra of SLG on different
substrates, covered with either air or water. The spectra are shifted vertically for clarity.
Incident laser power P at 532 nm is 211 µW, and integration time t over which the spectrum
was calculated is 10 s. Main peaks of Raman spectra of graphene are marked as D, G and
2D. The parameters of the plasmonic nanohole array are as in Fig. 4.1. The solid lines are
Lorentzian fits to the data.
Figure 4.4: Optical image of the sample shows that some regions on the surface of SLG are
covered with water.
Here γ is the SERS signal enhancement. The excitation rate enhancement Γexc is defined
as the enhancement in the light absorption in the SLG on the plasmonic nanohole array
substrate covered with either air or water at the pump laser wavelength, compared with






where (Pabs)g, (Pabs)a and (Pabs)w are the absorbed electromagnetic power in the SLG on
glass substrate, in the SLG on plasmonic nanohole array substrate covered with air, and in
the SLG on plasmonic nanohole array substrate covered with water, respectively. Here to
elucidate the effect of water on the intensity of the SERS signal of the SLG when placed on
the plasmonic nanohole substrate, we also investigate the optical response of the SLG when
it is placed on the plasmonic nanohole array substrate and covered with air. The emission
efficiency enhancement Γem is defined as the enhancement in the spontaneous emission rate
of the SLG on plasmonic nanohole array substrate covered with either air or water at its






Here (γsp)g, (γsp)a and (γsp)w are the spontaneous emission rate of the SLG on glass sub-
strate, on the plasmonic nanohole array substrate covered with air, and on the plasmonic
nanohole array substrate covered with water droplets, respectively.
Hybrid graphene-metallic structures are beneficial in enhancing the local electric field
dramatically, resulting in strong light absorption and Raman signal of the SLG. Absorption






σ(ω)|E(r, ω)|2 ds, (4.4)
where σ(ω) is the surface conductivity of SLG, |E(r, ω)|2 is the intensity of the local electric
field on the surface of the SLG, and S corresponds to the area of the SLG in one unit cell
of the nanostructure. Absorption in the SLG is proportional to the local electric field
intensity. To investigate changes in the absorption in the SLG due to addition of water
droplets, we calculated the intensity of the local electric field on the surface of the nanohole
array using full-wave 3D FDTD simulations. Figure 4.5 shows the field intensity averaged
over the surface of the SLG under normal incidence when it is on a plasmonic nanohole
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Figure 4.5: Calculated average electric field intensity enhancement on the SLG surface on
top of the nanohole array substrate as a function of wavelength for air (black) and water
(red) on top of the SLG. Average electric field intensity enhancement on the SLG surface
on glass substrate is also shown (blue). E0 is the field amplitude of the excitation source.
The resonance wavelength is shifted from 441 nm to 544 nm after addition of water on
the SLG. At the 532 nm pump laser wavelength the plasmonic nanohole array substrate
enhances the spatially averaged electric field intensity on the surface of the SLG at z = 0
by a factor of ∼5. The intensity of electric field is enhanced ∼20 times on the surface of
the plasmonic nanohole array substrate when it is covered with water droplets compared
to the surface of a glass substrate.
array substrate and covered with air (black curve) or water (red curve) as a function of the
wavelength. For comparison, the field intensity on the surface of SLG when it is placed on
a glass substrate is also shown (blue curve). Placing water on the SLG changes the surface
plasmon resonance condition of the metal-dielectric interface resulting in a red-shift in
the resonance (441 nm → 544 nm), which places it closer to the pump laser (532 nm).
This results in increased light-graphene interaction and absorption in the SLG. Addition
of water droplets also increases the confinement of the local electric field in the vertical (z)
direction at the interface between the nanohole array and the SLG [Figs. 4.6(a) and 4.6(b)].
To quantify this confinement enhancement, the electric field intensity profile along the z
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direction is calculated at point A (as shown in the inset of Fig. 4.5) across the interface
of metal and air (black curve) or metal and water (red curve) at their respective plasmon
resonances (441 nm for silver-air, and 544 nm for silver-water). Results are shown in Fig.
4.6(a).
Figure 4.6: (a) Electric field profile across the silver-dielectric interface calculated at point
A (Fig. 4.5) at the resonant wavelengths of the structure covered with air (441 nm) and
water (544 nm). In the simulation setup the SLG is placed at z = 0. Field amplitudes
are normalized with respect to the field amplitude at the SLG location when it is covered
with air. (b) Electric field profile across the silver-dielectric interface calculated at point
A at excitation wavelength of 532 nm. Standing waves above the silver layer are expected
since the pump laser excitation wavelength is away from the resonance wavelength of the
structure with SLG on the nanohole array and covered with air.
It should be noted that the SLG is placed at z = 0 in the simulation setup (see
Appendix A), and its effect on electric field intensity is negligible due to its small thickness.
For ease in comparison, graphs are normalized to the electric field intensity at the silver-air
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interface. The silver-water field profile shows ∼4.3 times enhancement on resonance in the
local electric field at the surface of the SLG compared to the silver-air profile. This leads
to stronger peak intensity of the averaged local field on the SLG covered with water at
544 nm compared to the peak intensity of the averaged local field on the SLG covered
with air at 441 nm (Fig. 4.5). Figure 4.6(b) shows the same electric field profiles at the
excitation pump laser wavelength of 532 nm. The relative enhancement in the intensity of
the electric field at the surface of the SLG is ∼13 times, when water is added on top of
the SLG, resulting in stronger optical overlap with the SLG, and thus enhanced absorption
in it at the excitation pump laser wavelength. At the 532 nm pump laser wavelength the
plasmonic nanohole array substrate covered with air enhances the spatially averaged electric
field intensity at z = 0 (on the surface of the SLG) by a factor of ∼5 compared to the glass
substrate (Fig. 4.5). From Eqs. 4.2 and 5.11 we conclude that in this particular sample
Γexca ≈ 5. Also from Fig. 4.5 and same equations we calculate Γexcw ≈ 20. Figures 4.7(a)
and 4.7(b) show the distribution of the intensity of electric field at 532 nm on the surface
of the SLG on plasmonic nanohole array substrate covered with air and water, respectively.
The excitation electric field is horizontally polarized. The cross-sectional view shows the
enhancement in the intensity of the trapped electric field on the SLG at z = 0 after addition
of water.
The intensified confinement in the electromagnetic field due to addition of water droplets
results in increased LDOS at the surface of the SLG. To investigate the effect of wa-
ter droplets on LDOS, we calculated the band diagram of the plasmonic nanohole array
nanostructure covered with air and water, shown in Figs. 4.8 and 4.9, respectively. Bands
with energies below the light-line of air (solid blue curve in Fig. 4.8) are trapped on the
nanostructure, and are non-radiative [160, 161]. The G and 2D Raman emissions of the
SLG occur at the wavelengths of 581 nm (516 THz) and 620 nm (484 THz), respectively,
for 532 nm excitation pump laser wavelength. When the SLG is on the plasmonic nanohole
array covered with air, these emissions are mostly coupled to non-radiative states trapped
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Figure 4.7: (a) Normalized electric field intensity with respect to the intensity of the
excitation field on the surface of the SLG when graphene is covered with air. (b) Same as
(a) except that graphene is covered with water. The polarization of the excitation source
is also shown.
in the nanostructure (Fig. 4.8). These trapped modes cannot be detected in the far field.
Varying the refractive index of the dielectric above the SLG, enables us to manipulate the
bands in the diagram and turn the trapped modes to radiative modes (Fig. 4.9).
From Fig. 4.9 it can be seen that addition of water on the SLG shifts the light-line
to lower frequencies, freeing more radiative states at the emission frequencies of G and 2D
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Figure 4.8: Band diagram of the nanostructure of Fig. 4.1(a) when the structure is covered
with air. The blue curve shows the light line of air. The 2D Brillouin zone used in the
calculation of the band diagram is shown in the inset.
peaks, and resulting in enhancement in the Raman re-radiation of the SLG. This increase
in the LDOS and radiative modes changes the spontaneous emission rate of an electric







ρ(r, ω) ds, (4.5)
where µ is the transition dipole moment of the emitter, ε0 is the dielectric permittivity of
free space, h̄ is the reduced Planck constant, and ρ(r, ω) is the LDOS. Based on Eq. 4.5,
when the SLG is placed at the surface of the plasmonic nanohole array and is covered with
water, it will experience enhancement in its spontaneous emission rate due to enhancement
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Figure 4.9: Same as Fig. 4.8 except that the SLG is covered with water. The blue curve
shows the light line of water. Placing water on the SLG pushes the light-line to lower
frequencies, freeing up more radiative optical states at 581 nm (516 THz) and 620 nm (484
THz) for G and 2D Raman emission wavelengths of the SLG (shown with dotted lines).







G (r, r)] · n̂p}
}
, (4.6)
where c is the speed of light in free space, n̂p is the orientation of the transition dipole of
the emitter, and
←→
G is the dyadic Green’s function, which is the interaction of an emitter
with the local electric field caused by its own radiation.
Using Eq. 4.6, we calculated the averaged LDOS at the surface of the nanohole array.
In the FDTD simulation, the position of an electric dipole emitter was varied in one unit
cell of the nanostructure on a discrete 18×18 grid placed at 2 nm above the graphene for all
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Figure 4.10: Calculated averaged LDOS enhancement with respect to the DOS of a dipole
emitter in free space when air (black) and water droplets (red) are placed on top of the
graphene on the nanohole array. Average LDOS enhancement for a glass substrate is also
shown (blue). The average was taken over the surface of the graphene in one unit cell of
the nanohole array and also over all polarizations of the dipole emitter (see Appendix A).
Placing water droplets on the SLG increases the LDOS at the Raman emission frequencies
of the SLG. Band diagram and density of states calculations are performed using 3D FDTD.
three orientations of the dipole emitter (see Appendix A). The spatial average of the LDOS
enhancement, with respect to the DOS of a dipole emitter in free space, over the surface
of the nanohole array averaged over three polarizations of dipole emitter is calculated and
shown in Fig. 4.10. For comparison, the spatial average of LDOS enhancement, with
respect to the DOS of a dipole emitter in free space, on the surface of the glass substrate
is also shown (blue curve). The average LDOS is increased when water droplets are placed
on the SLG. Fig. 4.11 shows the amount of increase in the averaged LDOS at z = 2 nm for
nanostructure covered either air or water compared to the averaged LDOS on the surface
of glass substrate in the wavelength range of interest (λ =500 nm − 650 nm). At 581 and
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620 nm, corresponding to the G and 2D Raman emission peaks of the SLG, respectively,
the averaged LDOS on the surface of the nanostructure is increased ∼2 times compared to
the averaged LDOS on the surface of a glass substrate. The averaged LDOS also increases
∼3 times when the substrate is covered with water compared to a glass substrate. Thus,
for this sample we conclude that Γema ≈ 2 and Γemw ≈ 3. The total enhancement in Raman
response of the SLG can then be calculated from Eq. 4.1 as γ ≈ 10 and γ ≈ 60 for the
plasmonic nanohole array substrate covered with air and water, respectively, compared to
the glass substrate.
Figure 4.11: Average enhancement in spontaneous emission rate. At the G and 2D Raman
emission peaks of the SLG the averaged LDOS on the surface of the nanostructure covered
with air and water, is increased ∼2 and ∼3 times, respectively, compared to the averaged
LDOS on the surface of a glass substrate.
A critical parameter in collecting the Raman re-radiation of a sample is the extraction
efficiency, which is calculated as the ratio of the radiated power from an emitter which can
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be extracted at the detector, to the total emitted power by the emitter. Here we investigate
the effect of addition of water on the sample on the extraction efficiency of the SERS signal
of the SLG. In the experimental setup the detector is located above the sample [z > 0 in Fig.
4.6(a)]. In simulations the extraction efficiency was therefore calculated as the ratio of the
power radiated towards the +z direction to the total emitted power from an electric dipole
emitter placed on the surface of the nanostructure. The location and polarization of the
electric dipole emitter was varied as in the LDOS calculation (see Appendix A). Figure 4.12
shows the spatially averaged extraction efficiency as a function of wavelength averaged over
all three orientations of the dipole emitter when the plasmonic nanohole array is covered
with either air (black curve) or water (red curve). The averaged extraction efficiency is
also calculated for a dipole emitter on glass substrate (blue curve). The average extraction
efficiency increase is ∼50% at the emission wavelengths of G (581 nm) and 2D (620 nm)
peaks of the SLG on the air-covered plasmonic nanohole array substrate compared to the
glass substrate. In addition, at the emission wavelengths of SLG, the average extraction
efficiency increases 2 times for a dipole emitter on the plasmonic nanohole array substrate
covered with water compared to a dipole emitter on the glass substrate (Fig. 4.12). The
spatial dependence of the extraction efficiency for the plasmonic nanohole array substrate
covered with air and water is shown in Figs. 4.13(a) and 4.13(b), respectively. If we
include this enhancement in the extraction efficiency of the Raman signal of the SLG in
our theoretical calculations by multiplying Eq. 4.1 by ηexta ≈ 1.5, and ηextw ≈ 2 we
conclude that the total enhancement of the SERS signal of the SLG when it is on the
plasmonic nanohole array substrate and covered with air is (γtot)a ≈ 15 when compared
to the SLG on glass substrate. In addition, the total enhancement of the intensity of the
SERS signal of the SLG when placed on the plasmonic nanohole array and covered with
water is (γtot)w ≈ 120. The addition of water droplets not only traps light on the location
of the SLG leading to enhancement of both absorption and density of optical states, but
also increases the extraction efficiency of the SERS signal of graphene.
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Figure 4.12: Extraction efficiency of an electric dipole emitter placed on the surface of the
nanohole array as a function of wavelength for air (black) and water (red). Extraction
efficiency of a dipole emitter on a glass substrate is also shown (blue). The (x, y) position
of the dipole emitter was varied to cover the entire surface of the SLG in one unit cell of the
nanostructure and the extraction efficiency, defined as the ratio of radiated power along the
+z direction to the total emitted power by the dipole, was calculated and averaged over
the surface of the SLG and all three polarizations of the dipole emitter (see Appendix A).
The extraction efficiency of a dipole emitter on the nanohole array covered with air and
water is enhanced ∼1.5 and ∼2 times, respectively, compared to a dipole emitter on glass.
These numeric calculations are in good agreement with the experiments in which we
measured (γtot)a ≈ 10 and (γtot)w ≈ 100. It should be noted that the area over which the
Raman spectra is measured is comparable with the excitation wavelength. However, the
Raman enhancement in the graphene is mostly attributed to the plasmonic resonances (also
known as hotspots) on the surface of the nanohole array which are typically on the order
of few nanometers [102]. If this difference in the excitation area and the size of hotspots on
the sample are taken into account the actual enhancement factor achieved is up to 2× 105
(see Appendix A).
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Figure 4.13: (a) Extraction efficiency map of the nanostructure averaged over all three
polarizations of the dipole emitter at 581 nm, corresponding to the G peak Raman emission
wavelength of graphene, calculated at z = 2 nm, when the SLG is covered with air. (b)
Same as (a) except that the SLG is covered with water.
4.3 Methods
4.3.1 Graphene Growth and Transfer
Graphene layers were CVD-grown on both sides of a Cu substrate. A protective PMMA
layer was deposited on one side and the unprotected graphene and Cu were etched by O2
plasma and FeCl3 solution, respectively. The remaining graphene/polymer-scaffold stack
was wet transferred to the surface of the plasmonic nanostructure. Finally, the PMMA was
removed in a dichloromethane and methanol solution (see Appendix A for more details).
The measured 2D band of the graphene sample had a symmetric Lorentzian shape with a
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full width at half maximum of ∼39 cm−1 which corresponds to a single layer of graphene.
In addition, the measured drop in the transmission spectra when the graphene sample
was placed on top of the glass substrate was ∼2.3% which again corresponds to a single
layer of graphene. Finally, the high 2D to G peak intensity ratio for the graphene sample
measured on several different regions using a 633 nm laser also corresponds to a single layer
of graphene.
4.3.2 Characterizations and Measurements
Renishaw PL/Raman micro-spectroscope system was used for Raman signal measure-
ments. 532 nm Nd:YAG laser was used as the excitation light source. 50× long working
distance objective lens was used to focus/collect incident light and Raman signal onto/from
the surface of the graphene-metallic device. The range of measured wavenumbers was from
200 to 3000 cm−1.
4.3.3 Numerical Simulations
A commercial package (Lumerical FDTD Solutions) was used to simulate absorption,
field enhancement, band diagram, LDOS and extraction efficiency. A fine mesh size of 1
nm was used throughout the simulation domain. The dielectric permittivity of silver was
taken from CRC data [116]. Graphene was simulated as a 2D object based on its surface
conductivity. The surface conductivity was tuned to give 2.3% light absorption in a single
graphene layer suspended in air in the visible and NIR wavelength ranges [163]. In the
absorption and field calculations periodic boundary conditions were used along the x and
y directions, and perfectly matched layer (PML) [119] was used along the z direction. The
structure was excited by a broadband x-polarized plane wave. In band diagram calculations,
Bloch boundary conditions were used along x and y [119]. An electric dipole emitter was
used for Green’s function calculations, from which the local density of optical states and
spontaneous emission rate were derived.
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Chapter 5
Near Total Absorption in a Monolayer of Graphene in
the Visible
5.1 Introduction
During the past few years, graphene has been the subject of a great amount of research
for developing optoelectronic and photonic devices, owing to its unique electronic and
optical properties [67, 164–175]. However, the absorption rate in graphene is limited due
to its ultra-thin monolayer structure. A suspended pure graphene monolayer (∼0.34 nm
thickness) exhibits absorption of ∼2.3% in the near-infrared to visible spectral range [163].
This weak absorption limits the efficiency of graphene-based devices. Although absorption
enhancement in graphene in the near infrared has been extensively investigated in recent
years [3, 4, 159, 176–179], increasing light absorption in graphene in the visible is still a
challenge due to parasitic absorption from other materials at shorter wavelengths. Recently,
total absorption in a graphene monolayer in the visible wavelength range via using the
concept of critical coupling and guided resonance was reported, wherein a photonic crystal
structure backed by a lossless metallic reflector or a dielectric Bragg mirror enhanced light-
matter interactions in a graphene monolayer [69]. However, the use of metallic reflectors
results in a significant suppression of absorption in graphene, due to parasitic losses in the
metal. In addition, use of dielectric Bragg mirrors not only greatly adds to the physical
footprint of the device, but also makes the fabrication process rather complicated since it
requires material deposition of several layers [69, 180]. In some recent studies, enhanced
absorption in a graphene monolayer was reported in structures with metallic reflectors, and
light-graphene interactions were enhanced through critical coupling between the graphene
monolayer and a guided resonance [181–184]. In these studies, graphene was placed on top
of a dielectric slab, while a dielectric grating structure was deposited on the top surface of
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the graphene layer. In such a structure, with proper choice of dimensions and materials,
one can enhance light-graphene interactions by exploiting a guided resonance mode of
the grating. However, while in this structure graphene exhibits enhanced absorption, the
fabrication is challenging since deposition of materials on top of the graphene layer is
required. In addition, this process can degrade the quality of graphene [185], and makes
the addition of contact electrodes to graphene complicated.
Here, we propose a graphene-covered grating structure which supports guided reso-
nances at visible wavelengths, and enhances light-matter interactions in graphene via crit-
ical coupling. Compared to previously proposed systems, we use a metallic back reflector
which makes the proposed structure very compact with overall thickness of less than one
wavelength. In addition, in our proposed structure the graphene layer remains uncovered,
resulting in a simple fabrication process, in which the quality of graphene is not compro-
mised. We find that in the proposed structure the absorption in the graphene monolayer
is enhanced to ∼100% at visible wavelengths, making this structure suitable for the design
of efficient nanoscale photodetectors and modulators.
5.2 Design and Theory
Figure 5.1 shows the schematic of the proposed structure. A graphene monolayer is
placed on top of a grating slab, which is separated from the metallic back reflector by a
dielectric spacer. The grating slab consists of high-index and low-index dielectrics with
refractive indices nh and nl, respectively, which are periodically repeated. An appropriate
choice of the periodicity of the grating slab results in phase-matched coupling between a
guided mode of the slab and free space fields, forming a guided resonance. We choose the
grating slab materials and physical dimensions so as to create a guided resonance at visible
wavelengths in the slab.
It has been shown that dielectric Bragg mirrors are preferred over metallic back reflec-
tors, because the proximity of metals to the resonant fields leads to parasitic absorption in
the metal which results in suppression of the absorption in graphene [69]. However, since
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dielectric Bragg mirrors need at least five to seven pairs of alternating dielectric layers for
optimum reflection, they greatly add to the overall thickness of the device [69, 180]. In
addition, due to the required deposition of multiple layers, dielectric Bragg mirrors are
relatively hard to fabricate. On the other hand, using metallic reflectors results in more
compact devices which are also easier to fabricate. Therefore, here we choose an aluminum
back reflector which is separated from the grating slab via a dielectric spacer, preventing
the formation of strong surface plasmon resonances on the surface of the metal. This de-
sign approach enables us to minimize parasitic absorption in the metal, leading to enhanced
light absorption in graphene at visible wavelengths.
5.2.1 Design of the Structure
The grating slab is designed to only support the zeroth order diffraction outside the
slab at the wavelength of interest (λ0 = 600 nm), to prevent any optical loss through higher
order diffracted waves, and only the first order diffraction inside the slab which gives rise
to the first guided resonance of the slab (Fig. 5.2). By matching the external leakage rate
of this guided resonance with the intrinsic loss rate in the system we satisfy the critical
coupling condition, resulting in enhanced absorption in graphene. We start with the grating
diffraction equation for the reflected waves
nref sin θ
ref




where nref and ninc are the refractive indices of the material above the grating slab, and of
the material in which the incident wave is propagating, respectively (Fig. 5.2). In addition,
θinc and θ
ref
m are the angles corresponding to the incident and diffracted waves, respectively.
P and λ0 are the period of the structure and the wavelength of interest, respectively. We
choose λ0 = 600 nm. In this structure the material above the grating slab is air, therefore
nref = ninc = 1. Since the incoming wave is normally incident on the grating slab, θinc = 0.
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Figure 5.1: (a) Schematic of an absorption enhancement system for graphene (shown as
a transparent green layer on top of the substrate) using a grating slab, a dielectric spacer
(SiO2), and a metallic back reflector (Al). (b) Cross sectional view of the system shown
in (a). Incoming light polarization is along the x direction. The light is normally incident
from above.
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This simplifies Eq. 5.1 to




Figure 5.2: Diffracted waves in the grating slab. Here, θinc, θ
ref
m , and θ
trn
m are the angles of the
incident wave, of the mth diffracted wave, and of the mth transmitted wave, respectively.
In order to eliminate any diffraction order higher than the zeroth order (m = 0),
we choose the periodicity P = 300 nm, which is smaller than the wavelength of interest
(P = 300 nm< λ0 = 600 nm). Then, for example, for m = 1 we have:




which implies that higher diffraction orders are eliminated. By tuning the thickness of
the glass spacer [Fig. 5.1(b)], the zeroth order diffraction (reflection from the surface of
the structure) will also be eliminated, resulting in near total light coupling to the guided









where ntrn is the effective refractive index of the grating slab satisfying
n2trn = fn
2
h + (1− f)n2l . (5.5)
In Eq. 5.5, f = w
P
is the fill factor. The effective refractive index ntrn should be tuned in
such a way that only the first diffraction order exists in the slab, and higher diffraction
orders are evanescent. Imposing these criteria to Eq. 5.4, we obtain









Substituting P = 300 nm and λ0 = 600 nm in Eqs. 5.6 and 5.7 above, we obtain 2 <
ntrn < 4. This is the acceptable range for the effective refractive index ntrn which allows
the formation of the first diffraction order in the slab, and eliminates all higher diffraction
orders. By choosing ntrn to be in this range through tuning of the fill factor f , we can
match the leakage rate of the guided resonance out of the slab to the intrinsic loss rate in
the system, thus satisfying the critical coupling condition, and enhancing the absorption
in graphene to ∼100%.
It should be noted that the existence of a guided resonance is due to total internal
reflection (TIR) from the boundaries of the grating slab with the surrounding materials.
We therefore choose silica (SiO2) for the dielectric spacer with refractive index nSiO2 ∼1.4
much smaller than ntrn.
As a side note, we choose the thickness of the grating slab D = 150 nm, much smaller
than the operation wavelength of 600 nm to keep the resonator modes to zeroth order in
the transverse direction.
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5.2.2 Critical Coupling Condition
We account for the numerical simulation results for the structure of Fig. 5.1 using
coupled mode theory. The guided mode in the grating slab is a resonance with stored energy
|a|2 at ω0, interacting with input and output waves of amplitude u and y, respectively, with
power given by |u|2 and |y|2. If the time rate of amplitude change for the guided resonance
in the grating slab with no input wave is given by the external leakage rate γe, then,
through energy conservation and time reversibility arguments, it can be shown that the
energy transfer rate between the incoming wave and the cavity and between the outgoing
wave and the cavity are both proportional to 2γe [69, 186]. Considering a material loss
rate σ, which includes both graphene and metal losses, the system can be described by the
following equations [69]:











j(ω − ω0) + σ − γe
j(ω − ω0) + σ + γe
, (5.10)
and the absorption A = 1− |Γ|2
A =
4σγe
(ω − ω0)2 + (σ + γe)2
. (5.11)
Equation 5.11 shows that, on resonance (ω = ω0), if the external leakage rate is equal
to the intrinsic loss rate in the structure (γe = σ), the critical coupling condition is satisfied
and all of the incident light power is absorbed. In the grating slab structure of Fig. 5.1,
the external leakage rate of the guided resonance in the slab can be controlled by the fill
factor (f = w
P
). Thus, by tuning the width of the high-index dielectric in the slab (w), it
is possible to achieve critical coupling.
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5.3 Results
Fig. 5.3 shows the numerically calculated absorption spectra in the graphene monolayer
for the structure of Fig. 5.1, which is optimized for maximum absorption at a wavelength
of 605 nm. Graphene is modeled as a 2D material based on its surface conductivity, and







where σgr(ω) is the surface conductivity of graphene, |E(ω)|2 is the intensity of the local
electric field on the surface of graphene, and l corresponds to the length of the graphene
layer in one unit cell of the nanostructure.
We use gallium phosphide (GaP) (n∼3.3) and titanium dioxide (TiO2) (n∼2.6) as the
high-index and low-index materials, respectively, in the grating slab. The experimental
refractive index data for GaP and TiO2 are taken from Ref. [188], and Ref. [189], respec-
tively. Although silicon (Si) (n∼3.3−3.4) has almost the same refractive index as GaP, the
band gap of silicon is ∼1.1 eV, which makes silicon opaque at visible wavelengths. On the
other hand, GaP has a bang gap of ∼2.26 eV, which makes it transparent at wavelengths
longer than ∼548 nm. TiO2 is a lossless dielectric in the entire visible range. The widths
of the high-index (nh) and low-index (nl) dielectrics are chosen to be 30 nm and 270 nm,
respectively, in one period of the grating slab [Fig. 5.1(b)]. In other words, the fill factor
is f = w
P
= 0.1, and from Eq. 5.5 we obtain ntrn∼2.67. The spectra of Fig. 5.3 show near
total (∼95%) absorption in the graphene monolayer at 605 nm wavelength. Thus, near
total absorption is achieved in an atomically thin layer of graphene in the visible wave-
length range. In addition, the width of the resonance is very narrow with less than ∼2
nm full-width at half-maximum. This is an attractive feature of the structure for applica-
tions related to photodetectors and modulators. About 5% of the incident light power is
absorbed in the metallic back reflector.
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Figure 5.3: Absorption spectra in the graphene monolayer. The simulated structure is
shown in Fig. 5.1. GaP and TiO2 are used as the high-index (nh∼3.3) and low-index
(nl∼2.6) materials in the grating slab. The widths of high-index and low-index dielectrics
in the slab are 30 nm and 270 nm, respectively. The slab period P , the slab thickness D,
and the silica spacer thickness H are 300 nm, 150 nm, and 300 nm, respectively. Near total
absorption occurs in the visible (λ0 = 605 nm).
As a side note, a fit analysis at the experimental data of Al, GaP, SiO2, and TiO2, in our
full-wave finite-difference time-domain simulations (Lumerical FDTD Solutions) showed an
RMS error of 0.88 by 9th order polynomial for Al, 0.016 by 6th order polynomial for GaP,
0.028 by 6th order polynomial for SiO2, and a perfect fit for TiO2. Graphene was simulated
as a 2D object based on its surface conductivity [187]. The surface conductivity was tuned
to give 2.3% light absorption in a single graphene layer suspended in air in the visible and
NIR wavelength ranges [163]. We use a plane wave with electric field polarization along
the x direction to excite the structure [Fig. 5.1(b)]. Periodic boundary conditions and
perfectly matched layer (PML) boundary conditions are used in the x and y directions,
respectively.
The electric and magnetic field amplitude profiles of the guided resonance in the res-
onator are shown in Fig. 5.4. The boundaries of the grating slab, glass spacer and metallic
back reflector are indicated with dashed lines. As these field profiles reveal, the fields are
mostly confined in the grating slab region, minimizing the parasitic losses in the metal.
The proposed structure can therefore be used as a high-performance and compact sys-
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Figure 5.4: (a) Electric and (b) magnetic field amplitude profiles for the guided resonance
at a wavelength of 605 nm for the structure of Fig. 5.1. The boundaries of the grating
slab, silica spacer, and the metallic back reflector are indicated with dashed white lines.
All dimensions and materials are the same as in Fig. 5.3.
tem that efficiently enhances light-matter interactions in the graphene monolayer at visible
wavelengths.
Due to Fabry-Pérot effects in the glass spacer, its thickness greatly influences the
reflection from the structure. In the optimized structure we choose the glass thickness to
be H = 300 nm. For this thickness the reflection from the structure vanishes, and all of
the incident power is absorbed in the structure. The effect of the thickness of the glass
spacer can also be described using the concept of the effective impedance of the structure.
Fig. 5.5 shows the reflection from the structure when the incoming free space plane wave is
normally incident from above. Varying the glass thickness has no significant effect on the
resonance wavelength of the guided mode, but it greatly affects the total absorption in the
structure. This phenomenon is a direct result of the dependence of the effective impedance
of the resonator formed by the glass spacer on its optical path length. For a one-dimensional
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Figure 5.5: Reflection from the structure as a function of the silica spacer thickness. For
silica thickness of H = 300 nm, the input impedance of the structure matches the one
of free space, resulting in close to zero reflection, and near perfect coupling of free space
incident light to the guided resonance of the grating slab.





where Z is the input impedance seen from the surface of the structure, and η is the free
space impedance. From Eq. 5.13 and Fig. 5.5 we conclude that, when the glass thickness
is H = 300 nm, the input impedance matches the impedance of free space, resulting
in elimination of the zeroth diffraction order in the reflection plane, and near perfect light
coupling to the guided resonance of the grating slab at a wavelength of 605 nm. It should be
noted that, for glass thicknesses below H = 200 nm, due to proximity of the metallic surface
to the intensified guided resonance fields of the grating slab, parasitic surface plasmon
resonances at the metal interface greatly suppress absorption in graphene. As a result, the
smallest glass thickness for which reflection vanishes and near total absorption in graphene
occurs in our structure is H = 300 nm.
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Figure 5.6: Total absorption in the structure of Fig. 5.1, calculated using full-wave FDTD
simulations (red circles), and coupled-mode theory (solid line). The theory is in excellent
agreement with the simulations in the vicinity of the resonance peak.
In Fig. 5.6 the numerically calculated overall absorption spectrum in the structure is
compared to the results from coupled-mode theory. In our full-wave FDTD simulations,
we save the time-domain electric field data at multiple locations in the grating slab with
point monitors, when the graphene monolayer is removed and aluminum is replaced with a
perfect electric conductor (PEC). For this lossless structure, we then calculate the Fourier
transform of the time-domain signal of these point monitors, in which the guided resonance
of the grating slab shows up as a Lorentzian peak. The center frequency of this peak gives
the resonance frequency ω0 and the half-width at half-maximum gives the external leakage
rate γe [69]. When we repeat the calculation for a lossy system, including the graphene
monolayer and aluminum, the half-width at half-maximum gives us σ + γe, and we can
therefore calculate the intrinsic loss rate σ in our structure. Finally, we substitute the
calculated parameters to Eq. 5.11 and show the results in Fig. 5.6. As shown in the figure,
in the vicinity of the resonance the coupled-mode theory is in perfect agreement with the
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full-wave FDTD simulation results. Away from the resonance, the theory deviates from
the simulations, since the losses of the system are not accurately modeled at off-resonance
wavelength ranges [69].
Figure 5.7: Absorption spectra in the graphene monolayer for different grating slab thick-
nesses. The absorption peak can be tuned over a wide wavelength range.
In Fig. 5.7, we investigate the effect of the grating slab thickness D on the absorption
spectra of the structure of Fig. 5.1. If the thickness of the slab is decreased, the guided
resonance shifts to shorter wavelengths. Similarly, increasing D pushes the resonance to
longer wavelengths. Thus, after achieving the critical coupling condition, one can adjust
the resonance wavelength by tuning the slab thickness D, while maintaining near total
absorption in the graphene monolayer. However, it should be noted that GaP becomes
opaque for wavelengths shorter than ∼548 nm. One cannot therefore decrease the slab





We first briefly reviewed the important role of plasmonic nanostructures in achiev-
ing subwavelength guiding and enhanced light-matter interactions in nanoscale photonic
devices.
We then theoretically investigated 3D plasmonic waveguide-cavity structures, built by
side-coupling stub resonators that consist of plasmonic coaxial waveguides of finite length,
to a plasmonic coaxial waveguide. We used plasmonic coaxial waveguides with square cross
section which can be fabricated using lithography-based techniques.
We first investigated structures consisting of a single plasmonic coaxial resonator, which
is terminated in a short circuit. The power transmission characteristics of the device
were investigated using the 3D FDFD method. We showed that the incident waveguide
mode is almost completely reflected on resonance, while far from the resonance the waveg-
uide mode is almost completely transmitted. We also showed that the properties of this
waveguide-cavity system can be accurately described using a single-mode scattering ma-
trix theory. The transmission and reflection coefficients at waveguide junctions can be
numerically extracted using full-wave simulations, and the results obtained with scattering
matrix theory using this approach are in excellent agreement with the exact results. These
coefficients can also be predicted using transmission line theory and the concept of charac-
teristic impedance. We found that there is very good agreement between the transmission
line model results and the exact results obtained using FDFD, verifying the validity and
usefulness of the transmission line model for this plasmonic coaxial waveguide structure.
We next investigated structures consisting of a single plasmonic coaxial resonator,
which is terminated in an open circuit. We found that, in contrast to open-circuited
2D MDM plasmonic waveguides which suffer from large radiation losses, open-circuited
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plasmonic coaxial waveguides have very small radiation losses, and can therefore be used as
resonators in waveguide-cavity devices. We also found that using open-circuited plasmonic
coaxial stub resonators leads to much more compact waveguide-cavity devices, compared
to devices based on short-circuited resonators.
We next considered waveguide-cavity structures built by side-coupling a plasmonic
coaxial waveguide to two open-circuited stub resonators. We showed that this structure
is a plasmonic classical analogue of EIT, and its transmission spectra consist of a trans-
parency peak in the center of a broader transmission dip. We found that these spectra
are very similar to that of a 2D MDM plasmonic waveguide side-coupled to two MDM
stub resonators. We also found that for this structure there are differences between the
scattering matrix theory results and the exact numerical results, due to coupling of higher
order nonpropagating modes of the waveguides. In addition, the peak frequency obtained
using transmission line theory is blue-shifted with respect to the exact result, because in
this case the spectra result from the interference of two resonant pathways. Despite its
limited accuracy for structures with multiple components, the transmission line model is
computationally efficient, and, when combined with space mapping algorithms, it could
enable the efficient design of nanoplasmonic coaxial waveguide devices.
Finally we showed that, with proper choice of their design parameters, 3D plasmonic
coaxial waveguide-cavity devices and 2D MDM devices can have nearly identical transmis-
sion spectra. More specifically, we used the space mapping algorithm to find the optimum
match between the responses of a 2D and a 3D device, and found that, using this approach,
the transmission spectra of the 2D device almost exactly match the spectra of the 3D de-
vice. Thus, 3D plasmonic coaxial waveguides offer a platform for practical implementation
of 2D MDM device designs.
We then investigated compact slit-based structures for coupling free space light into
plasmonic coaxial waveguides. In all cases, the total width of the coupling structure was





, when operating at the optical communication wavelength λ0 = 1.55 µm. We
first considered a coupling structure consisting of a single slit extending into the dielectric
core of the plasmonic coaxial waveguide. We found that, when the Fabry-Pérot resonance
condition of the slit is satisfied, the transmission cross section is maximized.
To enhance the coupling into the plasmonic coaxial waveguide, we considered a sym-
metric double-slit structure. We found that such a structure greatly enhances the coupling
of the incident light into the slits. This is due to the fact that the incident light excites
surface plasmons at the air-metal interface. In the case of the double-slit structure these
plasmons are partially coupled into the slits, thus increasing the total light power collected
by the structure. Overall, the use of an optimized double-slit coupler resulted in ∼3.02
times enhancement of the coupling into the plasmonic coaxial waveguide compared to the
optimized single-slit coupler.
To further enhance the coupling in the plasmonic coaxial waveguide, we also considered
a triple-slit structure. We found that, although the overall coupling into the plasmonic
coaxial waveguide was increased ∼1.39 and ∼4.21 times compared to the optimized double-
slit and single-slit structures, the total coupling width of the structure was greatly increased.
This makes the optimized triple-slit coupler not as compact as the single- and double-slit
structures. We also found that, while the incoupling structures were all optimized at a
single wavelength, the operation wavelength range for high coupling efficiency is broad.
We also found that the same slit-based structures can couple the fundamental mode
of the plasmonic coaxial waveguide to free space, making the light extraction from the
plasmonic coaxial waveguide possible. We observed that, while the far-field radiation pat-
tern of a single-slit structure on top of the waveguide is always symmetric, double- and
triple-slit structures have asymmetric radiation patterns. This feature enables us to tune
the direction of maximum radiation of the slit nanoantennas. We also found that a direct
result of this asymmetric radiation pattern is that the fundamental mode of the plasmonic
coaxial waveguide can be excited asymmetrically based on the angle of incidence of a free
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space plane wave.
We also numerically designed and experimentally tested a SERS substrate to enhance
the Raman signal of a monolayer of graphene in water. We showed a large enhancement
of the Raman signal (of up to 2 × 105) from graphene on a SERS substrate consisting
of a plasmonic nanohole array and covered with water. The enhancement is due to the
increase in the confinement of electromagnetic fields on the location of the SLG that results
in enhanced light absorption in the graphene at the excitation wavelength. Water droplets
also increase the density of optical radiative states at the location of the SLG, leading to
enhanced spontaneous emission rate of graphene at its Raman emission wavelengths. The
proposed sample can be used in biomedical and environmental applications that require
SERS measurements in water.
Finally, we achieved near total light absorption in a graphene monolayer in the vis-
ible wavelength range through enhancing light-matter interactions between the fields of
the guided resonance of a grating slab and the graphene monolayer. We showed that an
appropriate design of the structure enables critical coupling between the guided resonance
and the lossy materials of the system, resulting in intensified absorption in the graphene
monolayer. We also showed that using a dielectric spacer minimizes fields coupling with
the metallic back reflector, preventing any absorption suppression in graphene due to par-
asitic losses in the metal. In our structure, the graphene monolayer is placed on top of a
grating slab without being covered by other structures, so the quality of graphene remains
intact and the fabrication process becomes simpler. While we designed the structure for
graphene, the same design approach can be applied to other atomically thin materials. The
proposed structure could have applications in designing nanoscale optoelectronic devices.
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Appendix A
Supplementary Information for Chapter 4
A.1 Graphene Growth
Graphene was grown on a Cu substrate (Alfa Aesar, 0.025 mm thick, 99.8%) treated
in a dilute 2:1 de-ionized H2O to hydrochloric acid (HCl) solution for 3 minutes. Growth
was done in a 1-inch CVD furnace. First, the Cu foil was annealed for 1 hr at 1000 ◦C
in order to increase Cu grain size under a H2/Ar flow at ∼1 Torr. Next, methane was
introduced for 20 to 25 min. Finally, the furnace was cooled down to room temperature
under methane flow for ∼1 to 2 hrs.
A.2 Graphene Transfer
First we deposit PMMA layers (495K A2 and 950K A4) with a final thickness of
∼300 nm to graphene/Cu/graphene. Each PMMA layer was spun at 3000 rpm for 30 s
and baked at 200 ◦C for 2 min. The final thickness of PMMA scaffolds was determined
by profilometry to be ∼290 nm±10 nm. Next, graphene is etched from the unprotected
polymer-free graphene/Cu/graphene surface by O2 plasma (∼80 W for 30 s). Then the Cu
foil is etched overnight in a FeCl3 solution. This process results in a graphene/polymer-
scaffold stack floating on the surface of the etchant solution. Subsequently, this stack
is transferred with a clean glass slide to three successive 15 min. baths (DI H2O, 2:1
DI H2O:HCl, and DI H2O) to clean and remove residues from the Cu etching process.
Finally, the graphene/polymer-scaffold stack is removed from the last DI H2O bath using
a plasmonic substrate.
A.3 PMMA Lift-off
To successfully remove PMMA without damaging the graphene layer, water was first
removed by drying it in air for 2-3 hrs followed by a soft bake on a hot plate (50 ◦C for 5
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min). The PMMA was removed by using 1:1 dichloromethane and methanol solution for
40-60 min., followed by simple degreasing with methanol, isopropanol, and DI water.
A.4 Fabrication of Nanohole Array Substrate
Nanoimprint lithography method was utilized to prepare the nanohole photonic struc-
tures. The master mold consisting of a two-dimensional square array of nanopillar struc-
tures with a lattice constant of ∼350 nm was made using laser interference lithography
on glass substrate. The two-dimensional square array was transferred to a flexible and
optically transparent polyethylene terephthalate (PET) film by replica molding process.
The master mold was first cleaned and silanized (Repel-silane ES GE Healthcare, Sigma)
for 30 min. followed by ethanol and DI water rinse. A 10 µL drop of UV-curable polymer
(NOA-61) was evenly spread on the top of the nanopillar master and a supporting PET
sheet was carefully put on top of the polymer. The master mold along with the polymer
and PET sheet was then exposed to UV-light (105 mW cm−2) for 60 sec. After curing,
the complimentary nanohole structures were transferred onto the polymer, which was then
peeled off carefully from the master mold to complete the transfer process. In order to
make the device surface plasmon active, 90 nm of silver along with a 9 nm titanium ad-
hesive layer were deposited using electron beam deposition (Temescal six pocket E-Beam
Evaporator).
A.5 Calculation of Field Enhancement, Field Confinement, and Absorption in
Graphene
Finite-difference time-domain (FDTD) simulations were performed by utilizing Lumer-
ical FDTD Solutions. The refractive index of silver and titanium were obtained from CRC
data [116], and the refractive index of polymer and water were chosen 1.56 and 1.33 re-
spectively. The graphene layer was modeled as a 2D object and its conductivity was tuned
in a way that a suspended in air graphene layer shows 2.3% absorption in the visibile
and near-infrared range. The mesh size was chosen 1 nm throughout the simulation do-
main which was terminated to periodic boundary conditions in x and y, and to perfectly
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mathced layers (PML) in z direction. A plane-wave was used to excite the nanostructure
as the pump signal (normally incident from top) in the wavelength range of 400 nm to 900
nm. The polarization of the excitation field was along the x direction [Fig. 4.7(a)]. The
local electric field in the location of the SLG was obtained using a plane frequency-domain
field monitor which was placed on the surface of the SLG. The average electric field over
the surface of the SLG in one unit-cell of the nanostructure was calculated for both air and
water on top.
The field profile along the z direction was obtained using a single-frequency plane-wave
excitation at SPP resonances of 441 nm (silver-air), 544 nm (silver-water) and pump laser
of 532 nm [Figs. 4.6(a) and 4.6(b), respectively] [83]. The field profile was obtained by
utilizing a line frequency-domain field monitor (along the z direction). The location of this
field monitor corresponds to point A in Fig. 4.7(a).
Figure A.1 shows the absorption spectra of the SLG when it is entirely covered with
air (black) and water (red). Due to increase in confinement of the field in the location
of the SLG (on the surface of the nanohole array substrate) and enhanced light-graphene
interaction, the total absorption in the SLG increased 26% when it was covered with water
droplets.
A.6 Calculation of the Band Structure
Through different simulations we calculated the band structure for the nanostructures
covered with air and water. The Bloch boundary conditions were used along x and y and
PML along z direction. A uniform mesh size of 5 nm was used for the entire simulation
domain. A set of electric dipoles was used as point sources with random position and
polarization to excite all optical modes. The k-vector was varied along the reduced 2D
Brillouin zone (inset of Fig. 4.8) of the plasmonic photonic crystal (nanohole array) and a
set of time domain monitors with random positions recorded the electric field for different
k-vectors. The spectra and resonances were obtained through Fourier transform of the
recorded electric fields.
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Figure A.1: Absorption in the SLG as a function of wavelength when it is entirely covered
with air (black) and water (red). Placing water droplets on the SLG increases the total
absorption in graphene.
A.7 Calculation of Local Density of Optical States and Extraction Efficiency
A nanostructure consisting of several number of periods of the structure was used to
calculate the LDOS and extraction efficiency. PML boundary conditions were used along x,
y and z. The mesh size was chosen 1 nm in the vicinity of the surface of the nanostructure
and the SLG and 5 nm in other areas. Taking advantage of the symmetry of the structure,
the position of an electric dipole emitter r0 was varied in one quarter of a unit cell of the
nanostructure on a 18 × 18 grid (Fig. A.2) located 2 nm above the location of the SLG
(SLG is located at z = 0) [191]. For each grid point and for each orientation of the dipole
emitter (i.e. x, y and z) we calculated the Green’s function, which is the electric field at
r generated by a dipole emitter located at r0, and from it we obtained the LDOS. For







Figure A.2: Schematic of the nanostructure used for calculation of LDOS and extraction
efficiency. The position of the dipole emitter was varied on the 18× 18 grid shown in red
in the schematic.
where Gzz(r, r0;ω0) is the z component of the Green’s function due to a dipole emitter
oriented along z, Ez(r, r0) is the z component of the electric field at r generated by the
dipole emitter located at r0, and µ is the dipole moment of the emitter. The partial density








where ρz(r0, ω0) corresponds to the partial density of optical states at a given location
r0 and a given frequency ω0. Gxx(r0, r0, ω0) and Gyy(r0, r0, ω0) were calculated with the
same approach for the dipole emitters oriented along x and y, respectively, and from them
ρx(r0, ω0) and ρy(r0, ω0) were obtained. The total density of optical states at r0 was


























The LDOS curves as a function of frequency are then obtained by taking the average of
LDOS over all grid points for the two cases of the nanostructure entirely covered with air
and water.
The extraction efficiency η was calculated as the ratio of the emitted power of a dipole






In the FDTD simulations a plane frequency-domain power monitor was placed on top
of a dipole emitter to record the emitted flux along the +z direction. A closed box of
frequency-domain power monitors was also used to calculate the total radiated power by
the emitter. Using the same procedure described above for calculation of the LDOS, we
varied the position of a dipole emitter on a 18× 18 grid (Fig. A.2). For each grid point we
calculated η in Eq. A.4 for all orientations of the dipole emitter (i.e. x, y and z). Finally,
by taking the average over all grid points for all orientations for the two cases of air and
water on top of the SLG, we obtained the extraction efficiency as a function of wavelength
(Fig. 4.12).
A.8 Raman Enhancement Factor
The area over which the Raman spectra is measured is comparable with the excitation
wavelength, however, the Raman enhancement in the graphene is mostly attributed to the
plasmonic resonances (also known as hotspots) on the surface of the nanohole array which
are typically of the order of few nanometers [102, 192, 193]. Here we take into account
the difference between the excitation area and the size of the hotspots on the sample.
As suggested in Ref. [102], graphene Raman enhancement factor for graphene-plasmonic






where in our structure I(patt) and I(unpatt) are the measured intensities of G and 2D
Figure A.3: Elecric field intensity distribution on the surface of the graphene in one unit cell
of the nanostructure. The sample is covered with water. The surface area of the hotspot
is contoured with the dashed black line.
peaks of Raman spectrum of graphene on water-covered nanohole array and glass sub-
strate, respectively. Also, A(hotspot) and A(excitation) are the areas of hotspot and exci-
tation spot on the sample, respectively. The SERS measurements show that in our sample
I(patt)
I(unpatt)
≈ 100. For 532 nm excitation wavelength with an objective of 50× and NA of 0.9
we measured the excitation area size as 1.1 µm. Also, based on the electric field density
profile on the surface of the nanohole array in one unit cell of the nanosctructure we can
calculate the hotspot size. Here the hot spot size is approximated as the surface area of
one of the crescents (Fig. A.3), for which A(hotspot) ≈ 620 nm2. Therefore the total
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